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PREFACE 


This  second  volume  of  the  text  on  electrical  circuita  and  machinery 
(Iral.s  with  altornatinj;  currents  in  the  manner  in  which  continuous  currents 
wvw  treateti  in  N'oluine  I. 

The  theor>'  and  calculation  of  alternating-current  circuits  takes  up  a 

-Dinowhat  larger  portion  of  this  volume  than  was  the  case  for  continuous 

iirrents,  Jis  the  fundamental  principles  of  alternating  currents  are  more 

tlifficult  to  master;  especially  is  this  true  of  polyphase  relations.     As  the 

polyphase  circuit  is  so  generally  used  in  alternating-current  work,  the 

mithors  have  devoted  more  than  the  average  amount  of  space  to  analyzing, 

in  detail,  voltage  and  current  relations  and  power  measurements.     While 

he  treatment  is  not  sufficiently  exhaustive  for  the  practicing  electrical 

iigineer,  it  will  Ix?  found  as  complete  as  the  average  student  can  master 

in  the.  time  generally  allowed. 

It  seems  that  many  students  fail  to  obtain  a  real  grasp  of  the  current 
and  voltage  relations  of  polyphase  networks,  merely  committing  to  memory 
the  various  necessary  formulas  without  ever  really  comprehending  their 
It'rivation.  Much  of  this  trouble  arises  from  the  failure  to  lay  sufficient 
tress  upon  the  elementary  ideas  of  voltage  and  current  representation 
l)y  rotating  vectors.  Unless  some  definite  notation  for  voltages  and 
currents  is  chosen  and  adhered  to,  it  is  impossible  to  learn  polyphase 
relations  except  as  a  feat  of  memory.  It  will  be  seen  that,  in  this  text, 
a  reasonable  notation  scheme,  which  permits  a  logical  calculation  of  all 
|K>ly phase  relations,  is  constantly  used. 

The  discussion  of  types  and  actions  of  alternating-current  instruments 
!■«  not  generally  given  in  text  lx)oks  of  this  kind;   but,  as  it  seems  to  the 
authors  that  this  topic  should  surely  be  treated  here,  a  reasonably  com- 
plete! discussion  of  the  more  common  types  of  meters  has  l)een  given  in  a 
liapter  devoted  to  that  subject.     It  very  frequently  happens  that  a 
Mudent  is  entirely  ignorant  of  the  principle  and  applicability  of  an  instru- 
uont  which  he  is  using  in  his  lal)orator>'  testing;  to  many  a  college  graduate, 
iti  alternating-current  meter  is  a  brown  wooden  box  with  two  binding  posts. 
Armature  reaction  is  probably  the  one  characteristic  of  altemating- 
urrent  machinery  which  is  of  more  importance  than  any  other;    the 
"lementarj'  ideas  of  electrical  machines  having  been  mastered  in  a  course 
of  continuous  currents,  the  question  of  armature  reaction  becomes  perhaps 
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the  first  real  difficulty  which  the  student  encounters.  The  simple  scheme, 
originated  by  one  of  the  authors  some  years  ago,  of  using  the  circular  locus 
of  single-phase  armature  reaction  as  a  basis  of  the  discussion,  is  amplified 
in  this  text  so  that  the  reader  can  see  the  justification  for  its  use  with 
an  actual  distributed  winding.  By  picturing  the  magnetomotive  force 
of  the  alternator  as  it  is  built  up  from  the  individual  contributions  of  the 
various  coils,  for  different  instants  of  the  cycle,  its  action  on  the  magnetic 
field  from  the  field  poles  can  easily  be  seen. 

Inasmuch  as  this  armature-reaction  discussion  is  at  once  applicable  to 
the  synchronous  motor,  and  as  it  completely  explains  the  action  of  the 
stator  of  an  induction  motor  in  setting  up  its  rotating  field,  the  authors 
have  thought  it  worth  while  to  give  a  proportionately  large  amount  of 
space  to  this  topic. 

As  the  transmission  line  is  becoming,  every  day,  a  more  important 
branch  of  the  electrical  engineer's  work,  a  chapter  dealing  with  the  ele- 
mentary considerations  of  power  transmission  has  been  added. 

J.  H.  M. 
F.  W.  H. 
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CHAPTER   I 

FUNDAMENTAL   PRINCIPLES.     REACTIONS   IN    ALTERNATING- 
CURRENT  CIRCUITS 

1.  Advantages  in  the  Use  of  Alternating  Currents. — The  use  of  elec- 
trical power  is  at  present  almost  universal  and  is  continually  growing; 
for  commercial  purjwscs  electrical  power  is  derived  either  from  coal  or 
from  the  fall  of  water  from  a  higher  to  a  lower  level.  It  may  be  generated, 
by  suitable  machinery,  either  in  continuous-current  form  or  in  alter- 
nating-current form. 

Comparing  the  generation  of  electrical  power  in  the  two  forms,  we  find 
that  continuous-current  generators  may  be  built  with  capacities  as  high 
as  .5000  kw.  at  voltages  as  high  as  perhaps  500  volts,  and  in  smaller  capac- 
ities with  voltages  as  high  as  perhaps  1500  volts.  Alternating-current 
generators  may  be  built  with  capacities  of  50,000  kw.  or  more,  at  voltages 
as  high  as  15,000  volts.  The  advantages  to  be  derived  from  large  capacity 
in  a  generating  unit  are  that  the  larger  the  unit,  the  more  efficient  it  is  and 
the  lower  is  its  cost  and  weight  per  kw.  of  capacity. 

The  efficiency,  and  possible  distance,  of  electrical  power  transmission 
increases  as  the  voltage  employed  increases.  Not  only  is  it  possible  to 
generate  alternating  currents  at  higher  voltages  than  continuous  currents, 
but  there  is  also  available,  with  alternating  currents,  the  transformer,  a 
comparatively  cheap  and  very  reliable  stationarj'  piece  of  apparatus,  which 
makes  it  possible  to  transform  alternating  currents  up  or  down,  from  one 
voltage  to  another,  with  efficiencies  as  high  even  as  99  per  cent.  By  the 
the  use  of  high  voltages,  it  is  possible  to  transmit  power  by  alternating 
currents  over  distances  that  would  otherwise  be  too  great. 

It  is  now  planned  to  generate  power  in  large  plants  located  as  near  the 
coal  mines  as  possible,  and  to  transmit  it  at  alxjut  200,000  volts  to  all  of  the 
large  Elastem  cities  as  far  north  as  Boston.  All  of  the  large,  efficient,  power 
plants  burning  coal,  and  all  available  water  power  plants  now  located  in 
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this  area  would  be  tied  into  the  system,  making  it  possible  to  abandon  a 
great  many  small  and  inefficient  plants.  Such  a  power  project,  impossible 
with  continuous  currents  or  other  means,  would  result  in  a  much  more 
efficient  use  of  the  coal;  it  would  guarantee  power  at  any  point  in  the 
event  of  the  failure  of  any  local  plant  in  the  system ;  it  would  reduce  very 
materially  the  amount  of  coal  that  would  have  to  be  hauled  for  power 
purposes. 

The  use  of  transformers  also  makes  for  more  efficient  distribution  of 
power;  current  at  2200  volts  may  be  delivered  at  the  customer's  premises 
over  comparatively  light  wires  or  cables  and  then  transformed  to  1 10,  220, 
or  440  volts  as  desired.  With  continuous  current,  distribution  mains, 
carrying  the  voltage  desired  by  the  customer,  must  be  laid  in  the  streets. 


(a)  (b) 

Fig.  1. — A  coil  turning  at  uniform  speed  in  a  parallel  field  of  uniform  strength,  will 
generate  an  alternating  voltage  of  sine  form.  The  current  in  an  attached  load 
will  flow  successively  in  both  directions  as  the  coil  makes  one  revolution. 


and  because  of  the  relatively  low  voltages,  110  to  220  volts,  such  distribu- 
tion mains  must  be  capable  of  carrying  large  currents  and  are  therefore  of 
large  cross-section,  heavy,  and  costly. 

Alternating-current  motors  and  other  apparatus  are  quite  satisfactory 
for  most  purposes,  exceptions  being  electroplating  and  electric  railways, 
where  continuous  current  is  generally  used.  Although  the  alternating- 
current  motor  does  not  have  the  same  flexibility  as  to  speed  control  as  the 
continuous-current  motor,  this  disadvantage  is  in  a  measure  offset  by  the 
fact  that  alternating-current  motors  are  available  in  much  larger  capac- 
ities than  continuous-current  motors,  and  in  general  the  care  and  main- 
tenance of  an  a.c.  motor  is  less  than  that  of  a  c.c.  motor. 

2.  Generation  of  a  Sine  Wave  of  Voltage. — If  a  single  coil  of  wire,  with 
its  ends  connected  to  slip  rings,  is  rotated  in  a  uniform  field,  as  in  Fig.  1, 
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an  alternating  e.m.f.  will  be  generated.  As  either  coil-eide  moves  up  in 
front  of  the  north  pole,  the  voltage  generated  in  it  will  Ije  direct^'d  toward 
the  observer;  while  moving  down  in  front  of  the  south  pole,  the  voltag<- 
will  be  directed  away  from  the  observer,  as  the  direction  of  the  motion  has 
lxH?n  reversed  and  the  field  has  the  same  direction  as  before.  Continued 
rotation  of  the  coil  will  evidently  generate  a  voltage  which  alternates,  or 
periodically  changes  its  direction. 

If  an  external  circuit  is  connected  to  the  brushes  resting  on  the  slip 
rings,  this  alternating  voltage  must  produce  a  current,  the  direction  ol 
which  at  any  instant  is  determined  by  the  direction  of  the  impressed  volt- 
age. Thus,  in  Fig.  la,  the  direction  of  current  in  the  external  circuit  is 
from  A'  to  Y  and  in  Fig.  16  from  Y  to  A' ;  such  a  current,  periodically  revers- 
ing its  direction,  ia  called  an 
alternating  current. 

The  exact  form  of  the 
voltage  generated  by  the  ro- 
tating coil  may  be  determined 
by  consideration  of  Fig.  2,  in 
which  only  the  coil-side  1-2  of 
Fig.  1  is  represented  by  the 
.small  circles;  the  two  coil-sides 
l)eing  180°  apart,  and  a  uni- 
form magnetic  field  having 
lieen  assumed,  whatever  value 
of  voltage  is  generated  in  one 
coil-side  will  also  be  generated 
in  the  other  in  the  opposite 
direction  with  respect  to  the 
shaft,  or  in  the  same  direction 
around  the  coil.     The  path  of 

a  coil-side  will  be  the  circle  ^hi*ii4**\^*****f*fy 
ACDP;  the  speed  of  rotation   [    11    I   I    I    !    11    I   IT  I    M    M   T  f 
of    the    coil    being    uniform, 
the  direction  of   motion  and 

the     peripheral    velocitv     of  ^\  '■-'^!  ^"f^  *»'  ^  T^°°  "f  °°^  "^ 

.,  -1    •  1        X  •  "  .      .       the  coil-ados  of  I-ig.  1,  shows  how  a  sme  ware 

the   coil-side  at  any  mstant      of  e.m.f.  is  generated. 

may  be  represented  by  equal 

vectors  drawn  tangential  to  the  circle,  as  .4F,  CG,  DH. 

The  voltage  generated  by  a  conductor  moving  in  a  magnetic  field  is 
proportional  to  the  rate  at  which  it  "  cuts  "  the  lines  of  force.  The  veloc- 
ity of  the  coil-side  at  any  instant  may  be  resolved  into  a  horizontal  com- 
ponent, CK,  PM,  etc.,  and  a  vertical  component,  CL,  PN,  etc.,  and  it  will 
1h>  seen  that  the  rate  of  cutting  of  the  lines  by  a  coil-side  will  be  directly 
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proportional  to  its  horizontal  velocity.  When  the  coil-side  is  at  A  it  is 
moving  parallel  to  the  direction  of  the  field,  the  horizontal  velocity  of  the 
conductor  is  zero,  and  so  no  voltage  is  generated.  When  the  coil-side  is 
at  D  it  is  moving  at  right  angles  to  the  field,  so  that  its  vertical  velocity 
is  zero  and  its  horizontal  velocity  a  maximum.  The  coil  in  this  position 
is  therefore  cutting  the  lines  of  force  at  its  greatest  rate  and  hence  gener- 
ating the  highest,  or  maximum,  value  of  voltage,  iJmax,  of  which  it  is  capable. 
The  vector  DH  may  therefore  also  represent  the  maximum  instantaneous 
value  of  the  voltage  generated  during  one  revolution  of  the  coil-side. 

Considering  the  same  phenomena  from  the  standpoint  of  "  interlink- 
ages,"  as  is  frequently  done,  we  reach  the  same  conclusions.  W^hen  the 
coil  is  in  the  horizontal  position,  OA,  it  is  linking  with  the  maximum  possi- 
ble flux;  as  it  rotates,  this  interlinked  flux  decreases,  gradually  at  first  and 
then  more  rapidly,  until  the  coil  reaches  the  vertical  position  OD  in  which 
no  flux  is  linking  with  the  coil.  The  amount  of  flux  linking  with  the  coil 
for  any  position  is  proportional  to  the  area  of  the  coil  projected  on  the  hori- 
zontal axis  OA,  and  this  projected  area  is  varying  at  its  maximum  rate 
when  the  coil  is  going  through  its  vertical  position  OD.  Hence,  from  this 
viewpoint  also,  we  reach  the  conclusion  that  the  coil  is  generating  a  maxi- 
mum voltage  when  it  is  in  the  vertical  position. 

.  If  time  is  measured  from  the  instant  when  coil-side  1-2  is  at  A  and  the 
angular  velocity  of  the  coil  is  o>  radians  per  second,  at  time  t  seconds,  when 
the  coil-side  is  at  C,  it  will  have  moved  through  an  angle  oit  radians  (which 
may,  of  course,  also  be  given  in  degrees).  The  horizontal  velocity  of  the 
coil-side  at  C  is  CK. 

Since 

it  follows  that 

and  since 

we  may  write  that 


/.AOC=  ZOCK=  ZGCL  =  o,t, 
CK  =  CG  sin  o}t, 

e  =  ^maxsinw^ (1) 


where  e  =  the  instantaneous  value  of  voltage,  or  the  voltage  generated  at 
any  instant  during  the  revolution  of  the  coil, 
-£^max  =  the  maximum  value  of  the  voltage  generated  during  a  com- 
plete revolution  of  the  coil, 
(Jit  =  the  angle  made  by  the  coil  with  the  horizontal,  at  the  instant  con- 
sidered. 

When   the   coil-side    1-2   is  at   position   P,   having  moved   through 
</>  degrees  or  180° -j-to^  degrees,  Eq.  (1)  takes  the  form 

e=Ea,tA  sin  <^  =  ^max  sin  (180*'-|-w0- 
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The  sine  of  (ISO^+c^)  is  th<  sumc  as  (— siii  w/),  so  that  we  have 

e=  —  (/i'mM  sin  (lit), 

the  negative  sign  denoting  that  the  direction  of  the  voltage  is  opposite  to 
what  it  was  l)eforo. 

3.  Construction  of  a  Sine  Wave. — The  actual  shape  of  a  sine  wave 
may  l)o  obtained  by  construction,  as  follows:  Draw  a  circle  and  divide  its 
circumference  into  a  number  of  equal  parts,  as  in  Fig.  3.  Extend  the 
horizontal  line  and  divide  a  portion  into  equal  distances,  the  same  in  number 
as  the  distances  into  which  the  circumference  was  divided.     The  divisions 


*  k 

]']<..  3. — Showing  how  a  sine  wave  is  constructed  from  the  vertical  components  of 

suitably  spaced  radii. 

a'b',  b'c',  etc.,  will  then  represent  the  same  time  intervals  as  the  arcs  a6, 
6c,  etc. 

From  simple  trigonometrj-,  we  know  that  .sin  aob=—i,  sin  aoc=—y  etc., 

and  since  o6,  oc,  etc.,  are  all  equal  to  the  radius  of  the  circle,  the  sines  of  the 
respective  angles  are  proportional  to  6n,  cp,  etc. 

Now  lay  off  the  distances  6n,  cp,  od,  etc.,  on  perpendiculars  through 
their  respective  points  6',  c',  d',  etc.,  giving  the  points  b",  c",  d",  etc.;  a 
-tnooth  curve  through  the  latter  points  will  be  the  sine  wave  desired. 

It  is  to  be  noted  further  that,  as  the  maximum  value  of  the  resulting 

-ine  wave  is  equal  to  the  radius  of  the  circle,  any  instantaneous  value  of  the 

ine  wave  may  Ix;  determined  by  projecting,  upon  the  vertical  axis,  the 

ijidius  in  the  corresponding  instantaneous  position.    This  is  indicated  at 

"'/.  nr,  etc. 

An  alternating  voltage  of  sine  form  therefore  increases  from  zero  in  one 
(-linurtion  up  to  a  maximum  value,  decreases  again  to  zero,  reverses  its 
(liroetion,  and  repeats  the  same  scries  of  values  in  the  opposite  sense. 

4.  Cycle.  Frequency. — An  alternating  voltage,  then,  is  one  that  period- 
ically changes  its  direction,  assuming  alternately  positive  and  negative 
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values.  Each  revolution  of  the  coil  in  Fig.  1  results  in  a  complete  cycle  of 
events,  which  is  represented  by  one  positive  and  one  negative  loop  of  the 
sine  wave  of  Fig.  3.  One-half  a  cycle  is  called  an  alternation;  in  Fig.  3  the 
time  represented  by  the  distance  a'a'  is  one  cycle  (or  period)  of  the  alter- 
nating voltage  represented.  The  number  of  cycles  (or  periods)  passed 
through  by  the  voltage  in  one  second  is  called  the  frequency  (or  periodicity) ; 
a  voltage  with  a  frequency  of  60  cycles,  for  example,  passes  through  60 
cycles  per  second.  The  frequency  is  sometimes  expressed,  however,  in 
alternations  per  minute,  and  we  might  say  that  this  60-cycle  voltage  had 
a  frequency  of  7200  alternations  per  minute. 

In  Fig.  1,  the  frequency  of  the  voltage  in  cycles  per  second  generated 
by  the  coil  is  the  same  as  the  number  of  revolutions  per  second,  since  there 
are  only  two  field  poles.  If  the  same  coil  were  rotated  in  a  four-pole  field, 
two  cycles  per  revolution  would  result  and  the  frequency  of  the  voltage 
would  be  double  the  r.p.s.  It  is  evident  that  in  Eq.  (1)  the  angle  wt  must 
be  expressed  in  electrical  radians,  and  not  in  mechanical  radians,  there 
being  2t  electrical  radians  per  pair  of  poles;  there  are  thus  47r  electrical 
radians  per  revolution  in  a  four-pole  machine. 

If  the  coil  of  a  two-pole  machine  rotates  /  times  per  second,  its  angular 

speed  is  evidently  27r/,  so  that  Eq. 
(1)  becomes 

e  =  EmsLx  sin  2Trft,   .     .     (2) 

in  which  /  is  the  frequency  in  cycles 

per  second. 

5.  Vector  Representation  of  a 

Sine  Wave  of  Voltage. — We  have 

_  _,  seen  that  a  single  coil,  rotating  at 

Fig.  4. — ^The   conventional  representation  .       .  ,   .  .«  r^  i  , 

^f  „«   u  -„  *•         u  I      •*  constant  speed  m  a  uniform  field, 

01  an  alternating  voltage  makes  it  a  pure  ^  ' 

sine  wave,  as  shown  here.  will  generate  a  sine  wave  of  voltage 

which  may  be  represented  by  a  sine 
wave  as  in  Fig.  4.     The  same  idea  is  conveyed  by  the  equation 

e  =  Ejnax  sin  2irft. 

We  may  also  represent  an  harmonic  voltage  by  a  rotating  vector  which 
has  a  length  equal  to  the  maximum  value  of  the  voltage  generated  and  a 
speed  of  rotation  equal  to  27r  times  the  frequency  of  the  alternating  voltage. 

In  Fig.  5  the  vector  is  considered  as  rotating  in  counter-clockwise  direc- 
tion with  angular  velocity  ut,  where  w  =  27r/.  Tim.e  is  reckoned  as  zero 
when  the  vector  OA  Hes  along  OX,  so  that  iat  the  end  of  the  time  t  the 
vector  has  swept  through  the  angle  w^  At  this  time  the  instantaneous 
value  of  the  voltage,  which  the  Vector  diagram  is  supposed  to  show,  is 
OB  =  OA  sin  ut;  and  as  the  length  of  OA  has  been   chosen  equal   to  the 
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maximum  value  of  the  voltage,  it  is  evident  that  the  projectioD  of  the 
i  ctor  OA  on  the  vertical  axis  represents,  at  any  time,  the  instantaneous 

.  alue  of  the  voltage  expreesed  analytically  by  the  equation  e  =  Euu  sin  wt. 
Suppose  that  we  wish  to  know  the  instantaneous  value,  at  the  instant 

when  (id  =  20°,  of  a  voltage  of  sine  form,  the  maximum  value  of  which  is 

HHJ  volts.    We  may  obtain  the  desired  answer  either  by  measuring  the 

<linate  at  30**  on  a  sine  wave  whoee  maximum  value  is  100,  or  by  laying 

T  a  radius,  100  units  long,  making  an  angle  of  30**  with  the  horizontal, 

.1(1  measuring  its  vertical  projection.     It  is  easiest,  however,  to  use  Eq. 

1),  substitution  in  which  gives 

e  =  100  sin  30**  =  100  X  0.5  =  50  volts. 


..— i 


•o.  5. — Showing  how  the  vertical  projection  of  a  uniformly  rotating  vector  may  be 
uaed  to  represent  a  sine  wave. 


Had  the  value  for  an  angle  a><  =  585®  been  required,  we  would  have 
€  =  100  sin  585°.  Now  an  angle  of  585"  is  the  same  as  the  angle  585 "-SGO**, 
or  225**,  which  lies  in  the  third  quadrant  and  is  equal  to  180** +45**. 
Further,  we  know  that  the  sine  of  225**  Ls  equal  to  minus  the  sine  of 
15^  We  have  then  that  e=  100 X (-sin  45**)  =  100 X (-0.707)  = -70.7 
volts. 

The  instantaneous  value  of  the  voltage  is  then  70.7  volts,  but  its 
direction  is  opposite  to  that  taken  as  positive. 

6.  Upper  Harmonics  Afifect  Wave  Shape.— The  shape  of  the  curve 
representing  an  alternating  e.m.f.  is  sometimes  very  important.  In  nearly 
all  commercial  circuits,  the  form  of  the  voltage  wave  will  be  very  nearly 
the  simple  sine  curve  as  shown  in  Fig.  4,  but  for  various  reasons  there  wU 
always  be  more  or  less  departure  from  the  simple  sine  form,  caused  by  the 
presence  of  sine  waves  of  higher  frequency'  than  the  fundamental. 

The  voltage  wave  generated  by  a  commercial  alternating-current  gen- 
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eratdr,  which  has  approximately  the  form  of  a  60-cycle  sine  wave,  is  likely 

to  be  distorted  by  the  presence  of  other  sine  waves  of  frequencies  of  180 

cycles  per  second,  300  cycles 
per  second,  etc.  These  higher 
frequency  voltages  are  called 
upper  harmonics,  being  some 
multiple  of  the  fundamental 
wave;  the  180-cycle  wave  is 
the  third  harmonic  of  the  60- 
cycle  wave,  the  300-cycle  wave 
is  the  fifth  harmonic,  etc. 

In  all  ordinary  cases  of  dis- 
torted voltage  waves,  only  the 
odd  harmonics  appear;  this  is 
because  the  machines  in  which 
they    are    generated    are   me- 

FiG.  6  -A  complex  voltage  wave  made  up  of  a   chanically     and     magnetically 
fundamental    and   third  harmonic;    the  third      .   .  ,         ,  i    •     n      i     -ix 

harmonic  is  taken  in  such  phase  as  to  make  the    "^^^  ^"^  symmetrically   built. 
complex  wave  comparatively  "flat-topped."        In  the  ordmary  machme,  what- 
ever  conditions    a    conductor 

finds  in  moving  under  one  pole,  it  finds  in  exactly  the  same  sequence 

under  all  other  poles. 

In  Figs.  6  and  7  are  shown 

two  typical  wave  forms  which 

are  made  up  of  a  fundamental 

and  a  third  harmonic;  in  Fig.  6 

the  third  harmonic  starts  with 

positive  values;     in  Fig.  7  it 

begins    with    equal     negative 

values.     The  resultant  wave  in 

Fig.  6   is  a  flat-topped  wave, 

while  in  Fig.   7  it  is  peaked. 

Fig.  8  shows  the  e.m.f.  wave 

of  an  alternating-current  gen- 

ciator  which  the  manufacturers 

guaranteed  to  give  a  sine  wave ; 

this  shows  how  poorly  a  ma- 
chine may  sometimes  be  de-  Fig 

signed;   it  is  made  up  of  the 

fundamental  with  pronounced 

fifth   and   seventh   harmonics. 

Film  a  shows  the  voltage  of 

one  phase  of  the  machine  and 


7. — A  complex  wave  made  up  of  a  funda- 
mental and  third  harmonic;  the  third  har- 
monic is  here  shown  in  a  phase  180°  from  that 
shown  in  Fig.  6,  resulting  in  an  e.m.f.  wave 
more  "peaked"  than  a  pure  sine  wave. 


film  h  shows  the  lino  voltages  when  it 


UPPER  HARMONICS  AFFECT  WAVE  SHAfl 


9 


is  connected  as  a  three-phase  generator,  the  three  phases  being  intcr- 
t-onnected  in  the  Y  scheme  (see  section  39). 

It  will  be  noticed  in  Figs.  6  and  7  that  the  sequence  of  values  during 


'    \T  •' 


(a)  (6) 

I'll..  S. — An  (wciliogram  of  a  commercial  alternator;  in  a  is  given  the  voltage  of  one 
phase  of  the  machine  and  in  b  are  shown  the  three  line  voltages  when  the  machine 
is  Y-connected. 

the  negative  half  of  the  cy(  !•  i-  <  xactly  similar  to  that  of  the  positive  half; 
the  two  halves  of  the  cycle  are  similar  in  a  peculiar  way.  In  Fig.  9  is 
shown  one  complete  cycle  of  a  distorted  alternating  wave  form;  if  the  loop 
B  is  moved  back  on  the  time 
axis  to  B',  then  A  and  B'  are 
symmetrical  with  respect  to  the 
time  axis.  Practically  all  alter- 
nating current  and  voltage 
waves  have  this  characteristic 
"mirror  symmetry";  consid- 
eration of  Fig.  10,  which  is 
made  up  of  a  fundamental  and 
S4Mond  harmonic  will  indicate 
that  this  mirror  symmetrj'  can 
exist  only  when  no  even  har- 
monics of  the  fundamental  are 
present. 

The  harmonics  in  a  distorto<l  voltage  wave  may  have  any  possible  rela- 
tive position  with  respect  to  the  fundamental.  In  Fig.  11  is  sho\\Ti  how  a 
wave  form  similar  to  that  of  Fig.  9  may  be  made  up  of  a  fundamental  and 
a  third  harmonic,  the  latter  starting  at  its  maximum  positive  value  when 
the  fundamental  starts  from  zero.    It  is  to  be  noticed  that  this  "lopsided" 


Fi«..  9. — A  wave  form  typical  of  the  exciting 
current  of  a  transformer;  it  has  a  peculiar  8>'in- 
mctr>*  in  that  loop  B  moved  backward  180* 
seems  to  be  the  reflection  of  loop  A.  There 
are  do  even  harmonics  in  such  a  wave  form. 
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wave  is  made  up  of  just  the  same  components  as  the  two  symmetrical 

waves  shown  in  Figs.  6  and  7 ; 
the  change  in  form  has  been 
brought  about  by  a  shift  in  the 
phase  of  the  third  harmonic. 

7.  Frequencies  in  Common 
Use. — The  standard  frequen- 
cies in  use  in  this  country  for 
hghting  and  power  purposes 
are  60  cycles  and  25  cycles;  50 
and  40  cycles  are,  however, 
also  used  to  some  extent.  In 
the  early  days  of  alternating- 
current  engineering,  a  fre- 
quency of  133  was  adapted  as 
standard;  it  is  now  no  longer 

Fig.  10. — A  wave  form  made  up  of  a  funda-   used.    Sixty  cycles  is  the  lowest 

mental  and  second  harmonic;  it  will  be  noticed    frequency  that   should  be   em- 

that  this  wave  does  not  have  the  symmetry    pj^y^j     ^^^     lighting     and     is 

described  in  Fig.  9.  ^       i      i  r       .  i  •  -e 

standard  tor  this  purpose;  it  a 

lower  frequency  than  this  is  used,  the  resultant  flickering  of  the  lamps 
becomes  tiring  to  the  eyes. 
For  the  transmission  of  power, 
25  cycles  is  more  suitable,  giv- 
ing less  line  drop  and  better 
voltage  regulation. 

For  the  transmission  of 
messages  by  wireless  telephony 
and  telegraphy  a  frequency  of 
many  thousand  cycles  per 
second  is  used;  machines  have 
been  built  for  this  work  which 
generate  as  high  as  200,000 
cycles  per  second. 

8.  Alternating  Currents. — 
An  alternating  current  flows 
when  an  alternating  e.m.f.  is  Fig.  11.— A  wave  made  up  of  the 


sin  ut 


sjune  corn- 


applied  to  a  closed  circuit. 
Whatever  has  been  said  so  far 
about  alternating  voltages  may 
be  applied  directly  to  an  alter- 
nating current  of  electricity. 
We  find  these  currents  periodically  changing  their  direction  of  flow  and 


ponents  as  those  of  Figs.  6  and  7;  this  wave 
still  has  the  symmetry  which  indicates  absence 
of  even  harmonics  but  has  been  made  "lop- 
sided" by  changing  the  "phase  of  the  third 
harmonic. 
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assuming  alteraately  positive  and  negaUve  values,  the  sequence  of  values 
assumed  during  a  negative  half  of  the  cycle  Ix'ing  exactly  Hiniilar  to  that 
of  the  positive.  In  other  words,  an  alternating-current  wave  also  pcw*- 
M'sses  "mirror  symmetry";  Fig.  9  is  actually  representative  of  the 
iijrrent  wave  of  an  unloaded  transformer. 

Nearly  all  commercial  currents  are  simple  sine  waves;  any  departure 
from  the  simple  sine-wave  fonn  is  due  to  the  presence  of  higher  frequency 

lUTcnts,  each  of  which  is  of  sine  form.  As  in  the  case  of  distorted  voltage 
waves,  only  currents  which  are  odd  harmonics  of  the  fundamental  will 
api^ear  to  produce  a  distorted  current  wave,  except  in  some  ver>'  special 

:ise8,  where  the  current  waves  do  not  have  the  mirror  symmetry  descril)ed 
in  section  6. 

9.  Actual  Amount  of  Motion  of  the  Electrons. — It  must  not  be  thought 
that  the  electrons  in  a  wire  carrj'ing  alternating  current  move  back  and 
forth  from  one  end  of  the  circuit  to  the  other;  such  is  far  from  being  the 

:ise.  The  electron  drift,  which  constitutes  the  current,  is  ven»'  slow,  the 
lectrons  on  the  average  moving  along  the  conductor  only  a  ver>-  small 
traction  of  1  cm.  per  second;  in  fact,  even  if  the  wire  is  carrying  so  much 
current  that  the  resultant  PR  loss  causes  it  to  become  red  hot,  the  elec- 
trons are  drifting  along  the  conductor  at  an  average  velocity  of  less  than  1 
cm.  per  second. 

It  appears,  then,  that  with  a  current  reversing  60  times  per  second,  and 
with  consequent  to-and-fro  drift  of  the  electrons  this  number  of  times  per 
-ocond,  the  average  to-and-fro  motion  of  an  electron  in  a  copper  wire  carr>- 
iig  a  60-cycle  current  is  perhaps  0.0001  cm. ;  less  than  this  for  small  current 
tensities  and  possibly  one  hundred  times  as  much  for  a  wire  carr>ing  suf- 
ficient current  to  bring  it  to  the  melting  point.  Although  these  distances 
are  extremely  small,  it  is  to  be  pointed  out  that  there  is  plenty  of  chance 
for  collisions  of  electrons  and 
molecules,  and  consequent  produc- 
tion of  heat,  because  even  when  an  5| 
electron  moves  only  0.0001  cm.  it 
passes  by  about  10,000  molecules  of 
the  copper. 

10.  Representations  of  a  Sine 
Wave  of  Current. — A  sine  wave  of 
rurront  may  Ix-  represented  in  the   "^^    ,2._AItemating  current.  a«  conven- 

:ime  three  ways  that  were  used  to       tjonally  taken  as  pure  nine  waves,  the 
indicate  a  sine  wave  of  voltage.     In      game  as  alternating  voitages. 
Fig.  12  is  drawn  out  a  sine  wave 

of  current,  having  a  maximum  value,  /«„.  This  sine  wave  of  current  may 
evidently  be  indicated  by  the  equation 

»•  =  /„«.  sin  2t//, (3) 
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where    i   is  the  instantaneous  value  of  the  current  at  any  time  t; 
/max   is  the  maximum  value  of  the  current; 
/   is  the  frequency. 

The  same  sine  wave  of  current  may  be  indicated  by  a  vector  diagram, 
as  in  Fig.  13,  the  rotating  radius  having  a  length  equal  to  /max.  The  vector 
OA  is  rotating  in  counter-clockwise  direction  with  angular  velocity 
o}t  =  2Trft,  time  being  reckoned  as  zero  when  the  vector  OA  lies  along  the 
horizontal  axis  Ox.  The  angle  passed  over  at  the  end  of  time  t  is  then 
equal  to  cot  =  2irft.  As  in  the  voltage  vector  diagrams,  the  vertical  pro- 
jection OB  of  the  rotating  vector  OA  gives  the  instantaneous  value  of  the 
current. 

11.  Effective  Value  of  an  Alternating  Current. — As  the  magnitude  of 
an  alternating  current  varies  from  instant  to  instant,  assuming  all  values 
between  its  maximum  positive  and  maximum  negative  values,  it  is  appar- 


FiG.  13. — An  alternating  current  is  generally  represented  by  a  rotating  vector; 
the  instantaneous  value  of  the  current  is  equal  to  the  vertical  projection  of  the 
rotating  vector. 

cnt  that  we  must  establish  some  method  of  determining  what  is  the 
effective  numerical  value  of  such  a  current.  The  heating  effect  of  a  current, 
being  independent  of  the  direction  of  flow,  forms  a  convenient  basis  of 
comparison  of  alternating  and  continuous  current.  In  fact,  the  unit 
alternating  current  is  chosen  as  that  current  which  will  produce  the  same 
heating  effect  as  unit  continuous  current.  On  this  basis,  an  alteinating 
current  is  said  to  have  an  effective  value  of  one  ampere  when  it  produces  heat  in  a 
certain  resistance  at  the  same  average  rate  as  heat  is  produced  in  the  same 
resistance  by  one  ampere  of  continuous  current. 

The  heating  effect  of  any  electric  current  is  proportional  at  any  instant 
to  the  square  of  its  value  at  that  instant.  Therefore,  during  a  given  period 
of  time,  the  average  heating  of  an  alternating  current  will  depend  upon  the 
average  of  the  squares  of  all  instantaneous  values  during  that  length  of 
time.  The  effective  value  of  the  current  is  therefore  found  by  squaring 
all  the  instantaneous  values  first,  averaging  them,  and  then  taking  the 
square  root  of  this  average.     In  other  words  the  effective  value  of  an  alter- 
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nating  currfnt  is  that  value,  which,  whrii  stiuantl,  will  Ik*  e<}iial  to  the 
average  of  the  stjuares  of  all  the  instantaneous  values  of  the  current.  This 
value  of  the  current  is  expressed  in  some  texts  by  the  letters  U.M.S., 
meaning  "  root  mean  square."  It  is  this  numlx^r  of  amperes  which  would 
be  indicated  by  an  ammeter  capable  of  measuring  Iwth  continuous  and 
alternating  currents,  such  as  a  meter  of  the  hot-wire  type. 

12.  Effective  Value  of  a  Sine  Wave. — Since  any  sine  wave  of  current 
may  be  indicated  by  tiie  equation 

t  =  lauLx  f^in  ut, 

the  instantaneous  value  of  the  current  at  any  time  is  equal  to  a  constant 
niultiplieil  by  sine  «/.  Different  sine  waves  of  current  are  thus  distin- 
guished one  from  the  other  only  by  their  maximum  values,  and  it  follows 
that  any  ratio  ])etween  effective  value  and  maxinmm  value  for  one  sine 
wave  will  hold  for  all  others. 

TABLE  I 


Anglv  in  Degrees 

I 
Sine     1   Sine  Sciuannl   i 

1 

:i 
') 

i.i 

45 
47 

H.5 
87 
89 

.0174.5 
.05233 
.08715 

.68200 
.70711 
.73135 

.99619 
.99663 
.99985 

.000305 
.002738 
.007.=>96 

Uv»124 
.500000 
.534876 

992404 
997262 
999695 

Sum         28  64789 

t 

22.500000 

One  w-ay  of  finding  the  effective  value  of  a  sine  wuvt>  is  to  take  a  suf- 
ficient numl>er  of  equally  spaced  ordinates  and  find  the  square  root  of  the 
average  square.  If  the  values  of  the  sine  of  the  odd  angles  in  degrees, 
iK'ginning  with  1"  and  ending  with  89",  are  squared  as  is  indicated  in 
Table  I,  it  will  be  found  that  the  sum  of  the  squared  values  is  practically 
22.5,  which  for  45  squared  values  gives  an  average  squared  value  of  0.500. 
We  would  have  obtained  the  same  answer  if  we  had  averaged  the  values 
over  180°  insiead  of  00**  l)ecause  of  the  synmietr\*  of  the  rnr\e.  The 
effective  value  of  a  sine  wavr  'tlic  maxinmm  of  which  evident Iv  is  1.0)  is 
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then  Vo.5  or  0.707.  For  any  other  sine  wave,  the  ratio  of  effective  to 
maximum  value  is  also  0.707  (or  ^V2).  A  current  of  sine-wave  form,  the 
maximum  value  of  which  is  1  ampere,  has,  therefore,  an  effective  value  of 
0.707  ampere;  if  such  a  current  is  passed  through  an  alternating-current 
ammeter,  the  meter  will  indicate  0.707  ampere.  Such  a  current  would  be 
spoken  of  as  a  current  of  0.707  ampere. 

For  a  sine-wave  current  of  any  magnitude  whatever,  we  see  that  its 
effective  value  is  0.707  of  its  maximum  value,  i.e., 

7  =  0.7077n.ax      or       =|V27xnax, (4) 

or 

7„,ax  =  1.4147  =  V27, (5) 

where  7  is  the  effective  value  in  amperes. 

The    idea  of  the    effective  value  of  an  alternating   current  may  be 

looked  at  in  a  some- 
what different  way.  In 
Fig.  14  is  plotted  a  cur- 
rent of  sine-wave  form, 
of  1.0  ampere  (effective 
value) ;  its  maximum 
value  is  then  1.414  am- 
peres. The  curve  of 
instan taneous  values 
squared  is  also  shown, 
and  since  the  square  of 
any  instantaneous 
value,  either  positive  or 
negative,  is  also  posi- 
tive, it  is  found  to  be  a 
curve  of  double  fre- 
quency, the  maximum 
value  being  (1.414)^, 
or  2. 

The  heating  effect 
of  the  current  will  then 
be  proportional  to  the 
area  between  this  curve 
and  the  horizontal  axis 
OX.  Now,  it  can  read- 
ily be  proved  mathe- 
matically that  the  cur- 
axis  of  synmietry  Ix'ing 
areas,  above 


Fig.  14. — A  curve  diagram  to  bring  out  the  significance 
of  an  "effective"  value  of  one  ampere. 

rent-squared  curve  is  actually  a  sine  cuive,  its 

the  broken  lin<^  an.     From  this  it  follows  that  the  sluukn 
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aiul  Im'Iow  the  lino  aa,  arc  equal,  so  that  tin-  distance  from  OA'  to  aa 
represents  the  average  heating  effect  of  a  current  of  1.0  anipcre,  and  the 
square  root  of  this  distance  gives  the  effective  value  of  the  current,  as 
v^I  =  1  ampere. 

By  inspection  it  is  evident  that  the  current-squared  curve  between  the 
points  ZY  and  YX  is  symmetrical  alx>ut  the  lines  ZY  and  YX  respectively, 
and  hence  the  area  under  the  current-squared  curve  from  Z  to  X  is  the 
same  as  the  area  of  the  triangle  ZYX.  But,  as  the  averse  height  of  a 
triangle  is  one-half  its  altitude,  which,  in  this  case  is  2,  the  average 
height  of  the  triangle,  which  is  the  same  as  the  average  height  of  the 
current-squared  curve,  is  1,  as  stated  above. 

Had  a  current  of  10  amperes  been  originally  assumed,  its  maximum 
value  would  have  been  14.14  amperes  and  the  maximum  value  of  the  cur- 
rent-squared curve  would  have  been  200.  The  average  heating  would 
have  been  represented  by  100,  and  the  square  root  of  this  average  value 
( Vl00=  10),  checks  the  effective  value  of  the  current  assimied. 

13.  Effective  Value  by  Integration. — The  exact  determination  of  the 
ratio  of  the  effective  value  of  a  sine  curve  to  its  maximum  value  must  l)e 
carried  out  by  calculus.  Since  the  effective  value  of  an  alternating  current 
is  to  be  numerically  equal  to  that  value  of  continuous  current  which  pro- 
duces the  same  average  heating  through  the  same  resistance  over  a  given 
time,  and  since  the  instantaneous  heating  of  the  alternating  current  varies 
from  instant  to  instant,  we  may  write 


PrT 


=  jj^''rdt (6) 


where  /  is  the  effective  value  of  the  a.c.  current,  or,  is  the  c.c.  current  to 
which  it  is  numerically  equal, 
T  is  a  time  interval, 
r  is  a  resistance, 
an<l      ;  is  the  instantaneous  value  of  the  current. 

As  the  sine  wave  is  generally  plotted  in  terms  of  radians,  instead  of 
siH'onds,  to  make  the  values  of  the  abscissse  repeating,  the  variable  measured 
along  the  A'-axis  is  really  angle,  instead  of  time.  So,  instead  of  consider- 
ing the  differential  interval  of  time  as  dt,  we  take  it  as  d{u)t).  As  the  curve 
repeats  itself  after  od  has  been  through  2t  radians,  and  further,  as  the 
st^uared  curve  repeats  itself  after  the  angle  at  has  been  through  x  radians, 
it  is  not  necessary  to  integrate  Eq.  (6)  over  an  interval  greater  than  t 
radians.  As  a  matter  of  fact,  owing  to  the  s\'mmetr>'  of  the  squared 
curve,  about  a  vertical  line  erecte<l  at  the  point  on  the  A'-axis  whore 
co/=t/2,  it  is  really  neces.«ar>'  only  to  integrate  over  the  distance  x  2; 
lu)\vrv('r.  \vr  shall  integrate  over  one  complete  cj'cle  of  the  squared  curve. 
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We  substitute  for  i  its  value,  /„  sin  wt,  and  for  dt  its  equivalent  d{<x!l), 
and  for  the  time  interval,  T,  a  value  of  wt  equal  toir;  Eq.  (6)  then  becomes 

'^  Jo 
Substituting  for  sin^  cuf,  its  value , 


-VU  4      Jo' 


Since  the  second  term  yields  zero  value  at  both  limits,  this  reduces  to 


I  2 


I   2 


Taking  the  square  root  of  both  sides,  we  find 

7  =  — ^=— ^=0  7077  (7^ 

14.  Efifective  Value  of  an  Alternating  Voltage. — What  has  been  said 
in  regard  to  current  waves  holds  good  also  for  voltage  waves;  therefore, 
we  have,  when  e  =  Em  siii  cot 

E^^  =  0.707Em, (8) 

v2 

where  e  =  the  instantaneous  value  of  the  voltage, 

Em  =  the  maximum  value  of  the  voltage, 

^  =  the  effective  value  of  the  voltage. 

15.  Average  Value  of  a  Sine  Wave. — Since  half  of  the  instantaneous 
values  of  a  sine  wave  of  current  or  voltage  are  positive  and  the  other  half 
are  negative,  and  since  both  positive  and  negative  values  follow  the  same 
sequence,  the  average  of  a  complete  cycle  of  values  must  be  zero.  It  is 
sometimes  useful,  however,  to  know  the  average  value  of  a  sine  wave  over 
one  alternation,  which  value  evidently  is  not  zero.  This  average  value 
may  easily  be  obtained  by  measuring  the  area  between  the  sine  curve  and 
the  axis  and  then  dividing  this  area  by  the  base  of  the  curve;  it  may  also 
be  obtained  by  adding  the  sines  for  a  large  number  of  angles  from  0°  to 
90°,  differing  from  each  other  by  small,  equal  increments,  and  dividing  the 
sum  obtained  by  the  number  of  values  taken.  If  this  is  done  as  indicated 
in  Table  I,  beginning  with  1°,  it  will  be  found  that  the  sum  of  the  45  values 
is  28.G47S0,  the  average  of  which  is  O.OHO.     This  same  value  would  have 
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Invn  ()]>taiiu>d  by  averagiii);  over  180°,  Ikhuus*'  of  the  syinmotrj'  of  the 
rurve.  Thus  the  ratio  of  average  value  of  one  alternation  to  the  niaxinuiiii 
value  of  a  sine  wave  of  current  or  voltage  is  0.636,  or, 

/.r  =  0.6:}6/«iu  =  ^/« (9) 

The  exact  (letermiuation  of  the  ratio  of  the  average  value  of  a  sine 
wave  to  its  niaxiinum  value  must  be  done  by  calculus. 
We  have  then, 

/uv-^  f'/".  sin  «/  =—[- cos «< I' =  /„•?  =  0.a3G/„.  .     .     (10) 

- 1,  T  L  Jo  T 

16.  Effective  Value  of  a  Complex  Wave. — The  effective  value  of  a 
complex  or  distorted  wave,  made  up  of  a  fundamental  and  its  upix?r 
harmonics,  is  found  in  exactly  the  same  way  as  was  indicated  for  a  sine 
wave.  (It  is  to  be  pointed  out  again  that,  in  general,  only  the  odd  har- 
monics occur  in  the  ordinary'  electrical  circuit.)  We  maj'  either  find  the 
average  of  a  large  numlx'r  of  squared  instantaneous  values  and  extract 
tlie  square  root  of  this  average,  or  we  may  plot  a  curve  having  ordinates 
('(jual  to  the  squares  of  the  ordinates  of  the  given  wave,  and  find  the  aver- 
age value  of  this  squared  wave  by  measuring  the  area  of  its  loops  by  a  plan- 
imetor  and  dividing  by  the  base;  the  effective  value  is  then  the  square  rm)t 
of  this  average. 

The  effective  value  of  a  complex  current  wave,  supposedly  having  only 
o<ld  harmonics,  is  given  by  the  expression 

/  =  v7?+77+7?+TTT (11) 

where  /,  /i,  /a,  h,  etc.,  are  the  effective  values  of  the  complex  wave,  the 
fundamental,  the  third  harmonic,  the  fifth  harmonic,  etc.,  respectively. 

The  effective  value  of  a  complex  voltage  wave  is  given  by  a  similar 
■xpression, 

E^y/WfE^+W^^TTT. (12) 

The  proof  of  this  relation  requires  the  u.se  of  the  calculus.  Consider 
the  complex  voltage  waves  of  Figs.  6,  7,  and  11,  which  are  all  made  up  of  a 
"lUHlamental  and  a  thin!  liarmonic.  The  complex  wave  may  be  expressed 
as  an  equation 

e  =  E'n,  sin  ut+E'"^  sin  (3«/-f0), 

where  E'm  and  E"'m  are  the  maximum  values  of  the  fundamental  and  third 
harmonic  respectively,  and  6  is  the  angle  on  the  X-axis  Iwtween  corr(»- 
-I)onding  zero  values  of  the  two  waves.  In  Fig.  6,  ^  =  0°,  in  Fig.  7,  6- ISO", 
and  in  Fig.  11,  ^=270**,  6  being  given  in  degrees  corresponding  to  the  third 
harmonic  curve. 


Let 
Then 
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The  effective  value,  squared,  of  the  complex  waves  is  then 
E2  =  -  C{E'm  sin  u,t-\-E"'r.  sin  {Swt-hO)}^d(ioi). 

E'„,  =  Ai     and    E'"m  =  As. 
E^  =  -  CAi^sm^o}td{u}t)-\--  Cm^  sin2  {2>o)t+d)d{oit) 

1  A 

+-  I    2A1A2  sin  w/  sin  {'i(jit+e)d{(at). 

The  values  of  the  first  two  integrals  are,  from  section  13.  evidently 

A^         A^ 

-»-  and  -7c-,  respectively.     The  third  integral  can  be  obtained  by  expand- 
ing the  term  sin  {Zoit-\-d). 
The  third  integral 

=  — ^- —  I     sin  Oil  sin  (3ajf+0)d(co^) 

=  — — — '-  I     sin  a)i(sin  3co^  cos  S+cos  3w<  sin  d)d((at) 

""      Jo 

=  K  \     (sin  3c<j^  sin  wOc?(wO+-K^i  I    (sin  w^  cos  3co0rf(w0, 

where  K  and  i^i  are  the  products  of  the  constants  in  the  terms  of  th(» 
previous  equation. 

Now  it  is  shown  in  any  standard  calculus  that  integrals  of  the  form 

I  (sin  6  sin  nd)dd,  or  I  (sin  Q  cos  nd)dd,  (n  being  an  integer),  are  equal  to 

zero,  providing  the  integration  is  extended  over  one  cycle  of  the  lower  fre- 
quency curve.  That  is,  if  we  integrate  either  of  the  above  expressions  over 
one  cycle  of  the  fundamental  current  or  voltage,  the  integration  yields 
zero. 

Hence  we  conclude  that  the  effective  value  of  the  complex  voltage, 
consisting  of  fundamental  and  third  harmonic  (the  latter  in  any  phase 
whatever  with  respect  to  the  fundamental),  is  given  by  the  relation 

^=  2  +  2  ' ^^^^ 

or,  

E^VEi^+Es", (14) 

where  J^i  and  ^3  are  the  effective  values  of  the  components  of  the  com- 
plex wave. 
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In  case  the  wave  b  made  up  of  more  than  two  components  the  same 
relation  holds  good;  the  effective  value  of  a  complex  toave  is  the  square  root 
of  the  .sum  of  the  squares  of  the  effective  values  of  all  the  components. 

This  effeelive~' value  is  what  an  alternating-current  meter  would 
read.  If  two  alternators  of  different  frequencies  are  connected  in 
series,  one  frequency  being  25  cycles  and  the  other  75  cycles,  and  each 
alternator  is  adjusted  to  give  100  volts,  a  voltmeter  across  lx)th  in  aeries 
will  be  actuated  by  the  complex  wave  made  up  of  100  volts  fundamental 
and  100  volts  third  harmonic.  It  will  read  VlOO^^+lOO^  or,  141  volts, 
and  not  200  volts,  as  might  be  expected. 

It  is  to  be  noted  that  any  wave  made  up  of  a  fundamental  and  a  third 
harmonic  of  equal  amplitudes  will  have  the  same  effective  value,  regardless 
of  the  value  of  d,  the  angle  on  the  X-axis  between  corresponding  zero  values. 
In  other  words,  the  three  complex  waves  of  Figs.  6,  7,  and  11,  have  the 
same  effective  value. 

The  effective  value  of  a  complex  wave  of  current  is  similarly 


/  =  V/r'-h/3H/5-+ 


(15) 


where  /i,  h,  !&,  etc.,  are  the  effective  values  of  the  fundamental,  third, 
fifth,  etc.,  harmonics,  respectively. 

17.  Form  Factor. — The  form  factor  of  any  wave  is  defined  as  the 
ratio  of  its  effective  to  its  average  value.  For  a  sine  wave,  the  effective 
and  average  values  of  which  are  0.707  and  0.636  respectively,  we  have 


Form  factor  = 


Effective  value  _  Em 
Average  value      V2 


2_0.707 
^^■">^T-0Tti36-^^^' 


or 


Flat  topiM  a  ware 
Form  tme\  or •  1.00 


Effective  value 

=  average  value  X  form  factor. 

The  form  factor  is  an  indication  of  the 
type  of  wave;  for  a  wave  more  peaked 
than  a  sine  wave,  the  form  factor  is 
greater  than  1.11,  and  for  a  flat-topped 
wave  it  is  less  than  this  value.  Two  ex- 
tnnne  cases  are  given  in  Fig.  15.  It  is  to 
be  noted  that,  for  the  flat-topped  wave, 
which  is  practically  that  generated  by  a 
conductor  in  a  continuous-current  ma- 
chine, the  average  and  effective  values  are  Fig.  15.— Showing  how  the  form 
p^^      1  factors  of  two  extremely  distorted 

lon.f/^i.  X  /-.  ^  wavfs  differ  from  that  of  a  sine 

18.  Rate  of  Change  of   a   Current  or 

°  wave. 

Voltage  of  Sine-wave  Form. — It  has  Ix^n 

previously  shown,  in  the  study  of  continuous-current  circuits,  that   if 
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the  current  in  an  inductive  circuit  changes,  an  e.m.f.  of  self-induction 
is  set  up,  this  voltage  tending  to  prevent  the  change  of  current.  The 
magnitude  of  this  induced  voltage  was  shown  io  depend  wpon  the  rate  of 
change  of  current.  Now,  as  an  alternating  current  is  changing  at  every 
instant,  and  as  practically  every  circuit  has  more  or  less  self-induction,  it 
is  evident  that  in  alternating-current  circuits  the  counter  electromotive 
force  of  self-induction  must  play  an  important  part  in  determining  how 
much  current  flows.  It  therefore  becomes  important  to  study  the  exact 
rate  of  change  of  current  in  an  alternating-current  circuit;  in  fact,  in  the 
solution  of  the  average  alternating-current  problem,  the  magnitude  cf  the 


TABLE  II 

Angle 

%rfL 

Measured 

in  Deg. 

Sine 

2irft 

Change  in 

Current  in 

1 

180/ 

of  a  Sec. 

Change 
per  Sec. 

Change 
Divided 

by 

6.283/ 

Mean 

Angle 

2irfl 

Measured 

in  Deg. 

Cosine 
2^/f 

-1 
+  1 

4 
6 

14 

16 

29 
31 

44 
46 

59 
61 

74 
76 

84 
86 

89 
91 

119 
121 

-.01745 
+  .01745 

.06975 
. 10452 

.24192 
.27563 

.48480 
.51503 

.69465 
.71933 

.85716 
.87461 

.96126 
.97029 

.99452 
.99756 

+  .99984 
+  .99984 

+  .87461 
+  .85716 

+  .03490/ 
+  .03477/ 
+  .03371/ 
+  .03023/ 
+  .02468/ 
+  .01745/ 
+  .00903/ 
+  .00304/ 

0 
-.01745/ 

6.283/ 

6.259/ 

6.069/ 

5.441/ 

4.443/ 

3.141/ 

1.626/ 

.547/ 

0 

-3.141/ 

1.000 
.996 
.966 
.866 
.707 
.500 
.259 
.087 
0 
-.500 

0 
5 
15 
30 
45 
60 
75 
85 
90 
120 

1.000 
.996 
.966 
.866 
.707 
.500 
.259 
.087 
0 
-.500 
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rate  of  change  of  the  current  la  more  important  ttian  is  the  magnitude  uf 
the  current  itself.  As  the  rate  of  change  of  a  complex  wave  is  itself  ver>' 
complex,  and  a»  complex  current  waves  are  associated  with  inductive  cir- 
cuits rather  infrequently,  we  shall  investigate  the  rate  of  change  of  current 
for  simple  sine  form  only. 

Consider  a  sine  wave  of  current  the  maximum  value  of  which  in  one 
ampere,  and  the  f re<iuency  of  which  is  /  cycles  per  second ;  its  instanta- 
neous values  will  then  Ix?  numerically  equal  to  the  value  of  the  sine  at  any 
instant.  When  the  angle  wt  changes  from  —  1 "  to  -}- 1  **,  the  sine  curve  of  cur- 
i-ent  changes  from  —.01745  to  -f  .01745  ampere,  a  total  change  of  -H  .03490 
amix»re.  The  time  of  one  complete  cycle  is  1  /seconds,  so  that  a  2-degree 
cliange  in  the  angle  requires  2  360  of  1  /  second,  or  1/  180f  second.    The 

+•03490 
current  is  therefore  changing  at  a  rate  of  7—7— =  +.03490X180/"= 

0.283/  amperes  per  second.  Now,  if  the  angle  is  allowed  to  change  from 
l"  to  6",  the  current  changes  from  +.06975  to  +.10452  ampere,  a  total 
change  of  +.03477  ampere  in  1  180/ second,  or,  at  a  rate  of  6.249/ amperes 
per  second. 

In  Table  II  this  calculation  is  indicated  for  a  number  of  2-degree  changes 
in  the  current,  and  it  may  be  seen  that  if  the  rate  of  change  of  the  current 
in  amperes  per  second  is  divided  by  2t/=  6.283/,  the  quotient  Ls  in  all  ca-ses 
equal  to  the  cosine  of  the  average  angle  over  which  the  current  change  was 
calculated.  When  the  current  is  increasing  algebraically,  the  rate  of 
change  is  positive;  but  when  it  is  decreasing  algebraically,  the  rate  of 
change  is  negative.  Thus,  when  the  current  changes  from  its  1 19**  to 
its  121°  value,  it  is  decreasing  in  value  algebraically  and  its  rate  of 
change  is  therefore  negative,  even  though  the  current  itself  is  positive. 
The  rate  of  change  of  a  sine  wave  is  negative  between  the  90°  and  270" 
points  of  the  cycle  and  is  positive  from  zero  to  90°  and  from  270°  to 

We  reach  the  conclusion,  therefore,  that  the  maximum  rate  of  change 
of  a  current  of  sine  form,  the  maxinmm  value  of  which  is  one  ampere,  and 
the  frequency  of  which  is  /  cycles  per  second,  is  2t/  amperes  per  second, 
and  that  this  maximum  rate  of  change  takes  place  when  the  current  itself 
is  passing  through  zero. 

If  the  current  assiuned  had  not  had  unity  maximum  value,  but  any 
maximum  value  whatever,  /■,,  the  instantaneous  values  and  the  values  of 
'  hange  in  amperes  per  second  would  have  been  multiplied  by  the  factor  /«, 
Am\  it  would  have  been  necessar>'  to  divide  the  change  in  amperes  per  sec- 
'  'lid  by  2xfl„  to  get  the  cosine.     We  may  say,  then,  that  for  any  sine  wave 

I  current  with  maximum  value  /«,,  the  frequency  of  which   is  /  cycles 
r  second,  the  rate  of  change  of  current  at  anv  instant  t,  is  equal  to 
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this  rate  of  change  occurs  when  cos  lirjt  =  1  and  is  evidently  equal  to 
27r//„.. 

In  Fig.  16  the  values  obtained  by  the  calculation  indicated  in  Table  II 
are  plotted,  the  full-line  curve  being  a  sine  wave  of  maximum  value  of  one 
ampere  and  of  frequency  of  one  cycle  per  second.  The  broken  curve  shows 
the  rate  of  change  of  the  current  in  amperes  per  second,  its  scale  for  con- 
venience being  taken  as  1/4  of  that  of  the  sine  wave  of  current.     If  the 
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16. — The  rate  of  change  of  a  sine  wave  of  current  is  a  cosine  wave  of  the 
same  frequency  as  the  sine  wave,  and  amplitude  2t/  times  as  (p'eat. 


frequency  of  the  sine  wave  is  /  cycles  per  second,  the  rate  of  change  of  the 
current  is  obtained  by  multiplying  the  ordinates  by  /. 

The  expression  for  the  maximum  rate  of  change  of  a  sine  wave  of  cur- 
rent already  determined  may  be  obtained  in  still  another  manner.  Con- 
sider a  sine  wave  of  current  of  frequency  /  and  of  maximum  value  /„,  as 
was  shown  in  Fig.  12.  During  a  cycle  the  current  changes  four  times  from 
zero  to  maximum  value,  or  vice  versa,  or  once  each  quarter  cycle.  The  time 
of  a  quarter  cycle  is  1/4/  second;  so  that  if  the  current  changes  from 
0  to  7„  amperes   or  from   /,„  to   0  amperes  in   one   quarter   cycle,   its 
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:t\t  i;tur  rat€  of  change  i.s  •A=4//i,  aniperet}  ptT  Hccond.  We  may  write, 
then,  that  the  average  rate  of  change  of  current 

Av.Q-4//.. 

We  have  already  shown  that  the  rate  of  change  of  a  sine  wave  of  cur- 
rent is  itself  a  cosine  wave  and,  as  a  sine  wave  and  a  cosine  wave  follow 
the  saine  se<juence  of  values,  it  follows  that  the  relations  lH»twe<»n  average, 
ffective,  and  niaxinmni  values  of  a  sine  wave  hold  equally  well  for  a  coeine 
wave.     We  have,  then, 

Maximun.  (Z)  =^  =  ^  =  |L-  =  2,;,., 

To  determine  by  the  calculus  an  expression  for  the  rate  of  change  of  a 
sine  wave  of  current,  it  is  only  necessarj*  to  differentiate  the  expression 
=  /,„  sin  2fl  with  respect  to  time. 
Thus. 

j^  =  j^(UHm2irft)=2rfUcoB2xft (16) 

wliich  indicates  that  the  rate-of-change  curve  is  a  cosine  wave  of  maxi- 
mum value  ecjual  to  2ir//„. 

19.  Law  of  Reactions  in  an  Alternating-current  Circuit. — If  a  brick 
is  moved  along  a  smooth  lK)ard,  a  f fictional  reaction  is  developed,  which 
acts  to  stop  the  motion  of  the  brick;  if  we  neglect  temporarily  the  force 
required  to  accelerate  the  brick,  wc  may  say  that  the  impressed  force, 
.(•ting  to  make  the  brick  move,  is  always  equal  and  opposite  to  this  fric- 
•  ional  reaction.  In  some  cases  the  frictional  reaction  may  be  independent 
of  the  speed,  as  is  nearly  the  case  with  the  sliding  brick;  in  others,  as,  for 
xample,  in  the  case  of  a  stick  being  pushed  through  a  viscous  fluid  like 
■  lil  or  molasses,  the  frictional  reaction  increases  rapidly  with  increasing 
velocity.  It  is  the  same  change  in  the  frictional  resistance  which  keeps 
'he  speed  of  a  boat  low;  the  force  required  to  overcome  the  frictional 
I'sistance  of  the  water  varies  nearly  with  the  square  of  the  speed. 

If  the  brick  is  made  to  slide  up  an  inclined  board,  the  impressed  force 
liius  to  overcome  two  reactions  of  the  system,  the  frictional  reaction  just 
mentioned  and  the  force  of  gravity  which  is  tending  to  make  the  brick 
-lide  down  the  board.     In  this  case,  therefore,  we  write: 

Impressed  force  =  frictional  reaction-!- force  due  to  a  <<)jiii>onent  of 
uravitational  force. 

riie  impressed  force  may  be  divided  into  two  components,  that  required 
to  overcome  friction  and  that  required  to  overcome  gravitational  force. 
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These  two  components  of  the  impressed  force  will  be  equal  to  the  respective 

reactions  they  serve  to  overcome,  but  are  opposite  to  them  in  direction. 

The  same  ideas  hold  good  in  electric  circuits. 

In  the  case  of  continuous-current  circuits  containing  only  resistance, 

the  law  of  action  and  reaction  is  known  as  Ohm's  law,  E  =  IR,  which  states 

that  the  impressed  force  is  balanced  by  a  resistance  reaction,  and  we  see 

that  the  resistance  reaction  is  directly  proportional  to  the  current  so  that 

this  electric  circuit  somewhat    resembles  the  second 
1.      +11- 

■r 


analogue  given  above. 


■Lm/s^\m 


It  is  well,  at  this  point,  to  distinguish  between  a 

reaction  and  the  component   of  the   impressed  force 

which   overcomes    the   reaction.      These   are   always 

Fig.  17.— a  battery   eq^a}^  b^t  are  opposite  in  direction.     Consider  a  simple 

ei  g    c    a   ge      circuit,  as  in  Fig.  17,  in  which  a  battery  of  terminal 
through    a    resist-  '  .  . 

ance.  voltage,  e,  and  a  resistance,  R,  are  placed  in  series 

across  a  source  of  potential  difference,  E,  the  voltage  of 

the  battery  being  in  the  direction  opposite  to  that  of  the  source,  with 

respect  to  the  current. 

If  the  voltage  E  is  greater  than  that  of  the  battery,  current  will  flow  as 
indicated,  and  a  resistance  reaction  will  be  developed  in  the  resistance, 
the  direction  of  which  is  such  as  to  stop  the  current;  the  reaction,  through 
the  resistance,  must  act  in  a  direction  from  B  to  A.  The  "  drop  "  across 
the  resistance,  or  the  component  of  E  which  acts  to  overcome  the  resistance 
reaction,  acts  through  the  resistance  from  A  to  B.  Similarly,  the  voltage 
of  the  battery  is  a  reaction  with  respect  to  E,  and  there  must  be  a  component 
of  E  which  overcomes  the  battery  voltage,  e. 

If  we  express  the  conditions  of  the  circuit  in  the  form 

E-e-IR  =  0, 
or, 

E-\-(-e)-\-(-IR)^0, 

the  terms  (— e)  and  (  —  IR)  are  the  reactions  of  the  circuit,  but  if  we  con- 
sider the  terms  e  and  IR,  these  are  evidently  the  components  of  E  which 
overcome  the  reactions  of  the  circuit. 

The  law  that  action  and  reaction  are  equal  is  a  general  one,  applying 
to  all  systems,  mechanical  or  electrical.  In  a  system  in  which  various 
reactions  are  taking  place,  we  may  then  state  the  law  by  saying  that  ai  any 
instant  the  algebraic  sum  of  all  the  reactions  in  the  circuit  must  be  exactly  equal 
to  the  impressed  force. 

If,  then,  a  varying  force  is  impressed  on  a  system,  the  system  must  produce 
reactions  of  whatever  kind  it  is  capable,  such  that  their  algebraic  sum  at  any 
instant  is  equal  to  the  value  of  the  impressed  force  at  the  same  instant.     If  the 
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impressed  force  is  varying,  the  sum  of  the  individual  reactions  mil  also  be 
varying,  in  like  degree. 

There  are  two  other  kinds  of  reactions,  beaides  the  resistance  reaction, 
and  counter  voltage  of  a  battery,  etc.,  which  occur  in  alternating-current 
circuiti<;  th<'s«>  will  lx>  tak<'ii  up  l}it<*r. 

20.  Circuit  Containing  Resistance  Only. — If  a  sine  wave  of  voltage, 
e  =  Em  sin  2irft,  is  impressed  upon  a  circuit  containing  only  resistance,  R, 
as  in  Fig.  18a,  the  circuit  must  develop  a  reaction  which  at  any  instant  is 

Imprewed  Voltare      .. 
e-E-...»in2»/C 


Fig.  18. — Curve  diagram  and  vector  diagram  uf  current  and  voltages  in  a  resistive 

circuit. 


equal  and  opposite  to  the  value  of  the  impressed  voltage  at  that  instant. 
Thus,  in  Fig.  186,  the  full-line  curve  represents  the  voltage  e  =  Em  sin  2rft; 
the  curve  of  reaction  must  then  be  equal  and  opposite  to  it  at  ever>'  instant. 
It  is  shown  in  broken  line;  its  equation  is 


Reaction  =  —E,  sin  2irft. 


(17) 


A  circuit  containing  only  resistance  is  capable  of  developing  only 
resistance  reaction  whenever  a  voltage  is  impressed ;  the  resulting  current 
will  therefore  be  of  such  magnitude  that,  at  any  instant, 

e  =  IR, 

where  i  is  the  instantaneous  value  of  the  current.    To  keep  the  equation 
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true  at  all  parts  of  the  cycle,  it  follows  that  the  current  must  be  of  the  form, 
i  =  Im  sin  27r/<,  so  that 

Ern  sin  2Tft=  (I m  sin '^ft)R (18) 

Since  Risa,  constant,  current  and  voltage  must  be  proportional  at  every 
instant,  and  the  current  will  be  of  sine  form,  as  indicated  by  the  dotted 
curve  of  Fig.  186. 

In  this  case,  current  and  voltage,  having  proportionate  positive  or 
negative  values  at  any  instant  and  passing  through  zero  together,  are  said 
to  be  in  phase,  this  term  being  used  to  indicate  that  the  time  or  angular 
difference  between  corresponding  values  is  zero.  The  waves  of  impressed 
voltage  and  reaction  are  said  to  l)e  180°  out  of  phase,  since  the  impressed- 
voltage  wave  reaches  its  positive  maximum  value  180°  before  (or  after) 
the  reaction  arrives  at  its  positive  maximum.  Similarly,  the  impressed- 
voltage  wave  passes  through  zero  with  increasing  values,  180°  before  the 
reaction  passes  through  the  same  value,  etc.  We  also  speak  of  the 
impressed-voltage  wave  as  leading  (or  lagging)  the  reaction  wave  by  180°, 
or  of  the  reaction  wave  as  lagging  (or  leading)  180°  behind  the  impressed- 
voltage  wave. 

The  same  ideas  that  the  curves  of  Fig.  186  are  intended  to  convey  may 
be  indicated  as  a  vector  diagram,  as  in  Fig.  18c.  The  rotating  vector  E^ 
represents  the  maximum  value  of  the  impressed  voltage;  the  rotating 
vector  Im,  drawn  in  phase  with  £"„,,  represents  the  maxinmm  value  of  the 
current,  and  the  rotating  vector  —ImR  represents  the  maxinmm  value  of 
the  resistance  reaction.  The  last-named  vector  is,  of  course,  drawn  equal 
and  opposite  to  the  impressed  voltage. 

The  instant  indicated  in  Fig.  18c  is  that  at  which  the  angle  2irft  is  equal 
to  d  degrees,  after  the  vector  Em.  passes  through  zero  with  increasing  values. 
Instantaneous  values  of.  all  three  vector  quantities  are  indicated  by  the 
vertical  projections  of  the  vectors. 

When  current  and  voltage  reach  their  maximum  values,  we  have 

Em  =  ImR,  or  that  R  =  Em/Im (19) 

The  relation  between  the  effective  value  and  the  maximum  value  of  a 
iine  wave  of  current  or  voltage  has  been  shown  to  be 

E =0.707 Em  and  /=0.707/„. 

If,  therefore,  we  divide  the  voltage  and  current  of  Eq.  (19)  by  0.707, 
we  have 

E  =  IR  and  R  =  E  I, (20) 
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w  here  E  and  /  are  the  effective  values  of  the  voltage  and  current,  respect- 
ively. 

The  last  equations,  which,  however,  apply  to  circuits  containing  only 
resistance,  are  in  agn^Muent  with  the  ideas  involved  in  the  definition  of 

fective  valuta  of  current  and  voltage. 
21.  Power  in  a  Circuit  Containing  only  Resistance.     Under  steady 

Miiditions,  tlie  i)ower  in  a  coiilinuous-eurrent  circuit  is  always  given  by  the 
|)ro<luct  of  amperes  flowing  and  the  voltage  impressed.  At  any  one  instant, 
the  alternating-current  circuit  is  the  same  as  a  continuous-current  circuit; 
therefore,  the  instantaneous  power  in  an  a.c.  circuit  may  be  obtained  by 


E~  •ffective  value  of  Voltage 
Im       ..  ••    Current 

Av.  Powers  EI 


liG.  19. — The  curve  of  power  in  a  rpsistive  circuit  is  of. sine  wave  form,  every when> 

alxivr  tht»  axis. 

multiplying  the  instantaneous  value  of  the  voltage  by  the  instantaneous 
\  ulue  of  the  current. 

We  have  seen  that,  in  a  circuit  containing  only  resistance,  the  current 
i-  ill  phase  with  the  voltage.  If  the  instantaneous  values  of  two  such 
waves  are  multiplied  and  plotted,  as  m  Fig.  19,  a  wave  of  instantaneous 
l)ower  results;  this  is  seen  to  l)e  a  sine  wave  of  double  frequency.  Since 
t  he  current  and  voltage  are  in  phase,  both  have  either  positive  or  negative 
\  alues  at  any  instant,  and  their  product,  the  power,  is  always  positive. 
The  instantaneous  power  for  the  circuit  assumed  is  given  off  as  heat,  and 
this  is  given  off  independent  of  the  direction  of  current  flow. 

The  maximum  values  of  the  current  and  voltage  waves  being  /«  and  E„, 
respectively,  it  follows  that  the  maximum  value  of  the  power  wave  is  E„/«; 
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and  since  the  latter  is  also  a  sine  wave  similar  to  the  power  wave  of 
Fig.  14,  we  may  write 

Er^I^         Em         Im 

Average  power  = -"2- =  :^  ;^ (21) 

7  Em 

Now— ^  and  —^  are,  by  definition,  the  effective  values  of  the  current 

\/2  V2 

and  voltage,  respectively;  therefore,  the  average  power  in  a  circuit  con- 
taining only  resistance  is  equal  to  the  product  of  the  effective  value  of  the 
current  and  the  effective  value  of  the  voltage,  i.e., 

Power  =  J5;7 (22) 

If  the  value  of  E  from  Eq.  (20)  be  substituted,  we  have 

Fower  =  EI  =  IR-I  =  PR, (23) 

which  is  in  agreement  with  our  assumptions  in  determining  the  effective 
value  of  a  current  of  sine-wave  form. 

To  determine  by  the  calculus  an  expression  for  the  average  power  when 
a  voltage  of  the  form  Em  sin  oit  is  impressed  on  a  circuit  of  resistance  only, 
and  a  current  of  the  order  Im  sin  wi  results,  the  current  being  in  phase  with 
the  voltage,  we  need  only  evaluate  the  expression 

1  T' 
Average  power =-  I    Em  sin  ut-Im  sin  utdiwt)       .     .     (24) 


Vo 
"^    Jo 


sin^  at  dicat) 

_EmIm\o)t     sin  2fa;n^ 
~    IT    12  4     Jo 

_  Emim  FttT 
TT        L2J 

where  E  and  I  are  the  effective  values  of  the  voltage  and  current,  respect- 
ively. 

22.  Continuous-current  Crcuit  Containing  Inductance. — From  Volume  I 
we  have  seen  that  when  the  current  flowing  in  a  continuous-current  circuit 
having  inductance,  varied  with  time,  the  magnetic  field  set  up  by  the  current 
varied  accordingly  with  the  time.  As  the  current  increased,  the  field,  and 
therefore  the  flux  interlinkages,  increased ;  and  when  the  current  decreased, 
the  field  and  the  number  of  flux  interlinkages  decreased.  Further,  we  saw 
that  as  the  flux  interlinkages  of  a  system  were  changed,  a  counter  voltage  of 
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Kolf-induction  was  generated,  the  direction  of  which  was  always  such  as  to 
oppose  the  change  in  the  interlinkages  taking  place;  the  counter  e.m.f.  of 
self-induction  always  acted  to  oppose  the  change  taking  place  in  the 
current. 

The  action  is  the  same  as  the  force  of  inertia  developed  by  an  accelerat- 
ing Ixxiy;  this  force  always  acts  in  such  a  way  as  to  oppose  the  accelera- 
tion, or  rate  of  change  of  the  velocity,  of  the  body.  The  force  of  inertia 
conies  into  play  only  when  the  body  starts  to  accelerate,  and  disappears  as 
the  velocity  becomes  uniform. 

In  the  electrical  circuit,  the  effect  produced  by  a  changing  current  is  in 
accord  with  Lenz'  law.  With  an  increasing  current,  the  increase  in  flux 
interlinkages  immediately  brings  into  existence  an  opposing,  or  counter, 
e.m.f.,  which  tends  to  retard  the  increase  in  current,  thereby  opposing 
the  increase  in  flux  interlinkages.  Conversely,  when  the  current  in  a 
circuit  dies  down,  the  number  of  interlinkages  decreases,  and  a  voltage  of 
.self-induction  is  at  once  induced,  which,  being  in  the  same  direction  as  the 
impressed  force,  tends  to  retard  the  decrease  in  current,  thereby  again 
opposing  the  change  taking  place  in  the  flux  interlinkages. 

It  was  further  shown  in  Volume  I  that  when  the  current  in  a  circuit 
changed  at  a  uniform  rate  of  /  t  amperes  per  second,  and  the  permeability 
of  the  magnetic  circuit  was  considered  constant,  the  flux  interlinkages 

would  change  at  a  uniform  rate  of  —r-  interlinkages  per  second,  and  the 

average  value  of  the  c.e.m.f.  of  self-induction  would  be 

Average  «  =  r|7vg  volts (26) 

The  expression  for  the  value  of  flux  set  up  in  a  magnetic  circuit  is 

^=°-*^ .^(27, 

where  A''  is  the  number  of  turns  of  wire,  '^    ^J  JjA^>jtAXt    -^j^***'^'^'^*' 

I  is  the  current  in  amperes,  **^ 

/i  us  the  permeability  of  the  magnetic  circuit, 
A  is  the  area  of  the  magnetic  circuit, 
I  is  the  length  of  the  magnetic  circuit. 

If  the  value  of  0  in  the  last  expression  is  substituted  in  Eq.  (26),  we 
have 

Average  e  = -, (28) 

Tlie  part  — — ^~~  is  a  constant  and  is  called  the  coefficient  of  self- 
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induction,  or  merely  the  self-inductance  of  the  circuit,  and  is  generally 
represented  by  the  symbol  L.     Thus 


L  = 


QAirmtxA 


I 


and  we  have 


Average  e  =  L-. 


(29) 
(30) 


23.  Alternating-current  Circuit  Containing  only  Inductance. — A  cir- 
cuit containing  only  inductance  is,  of  course,  a  hypothetical  one;  the  sim- 

/Impressed  Voltage 

=  Emax.  8in27ry  t 


Fig.  20. — Curve   diagram   and    vector   diagram   of   a   theoretical   circuit   containing 
inductance  only;  the  current  lags  90°  behind  the  impressed  force. 

plest  inductive  circuit  consists  of  a  coil  of  wire,  and  must  therefore  contain 
some  resistance.  It  is,  however,  possible  to  neglect  the  resistance  in  a 
theoretical  discussion,  and  thus  the  effect  of  inductance  alone  may  be 
considered. 

We  have  said  that  whenever  a  voltage  is  impressed  on  a  circuit,  the 
circuit  must  develop  reactions,  the  algebraic  sum  of  which  must  at  ^ny 
instant  be  equal  and  opposite  to  the  impressed  force.  In  Fig.  20a  is  indi- 
cated a  circuit  containing  only  inductance,  across  which  a  sine  voltage, 
e  =  Em  sin  2Tft,  is  impressed.  If  the  full-line  curve  of  Fig.  206  represents 
the  impressed  voltage,  th(»n  the  l)r<)ken-line  curve  represents  the  total 
reaction  developed  by  the  circuit.  In  other  words,  as  soon  as  the  form 
and  magnitude  of  the  impressed  voltage  are  fix(>d,  the  foini,  magnitude 
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and  position,  or  time  phase,  of  the  total  reaction  are  also  fixed;  the  total 
reaction  must  always  be  180**  from  the  impressed  voltage. 

It  is  evident  that,  in  a  circuit  containing  only  inductance,  there  can  lie 
no  other  reaction  than  an  inductance  reaction;  and  since  the  imprcmed 
voltage  has  sine  form,  it  follows  that  the  inductance  reaction  must,  in 
order  to  be  equal  and  opposite  to  the  impressed  voltage  at  everj-  instant, 
be  also  of  sine  form.  It  is  therefore  necessary  that  the  current  take  such 
position  and  assume  such  form  and  magnitude  as  to  develop  a  reaction  of  sine 
form  and  of  definite  magnitude.  In  other  words,  the  current  must  adapt 
itself  to  suit  the  condition  that  the  reaction  must  balance  the  impressed  forct . 

Now,  from  the  d^jfijulion  of  the  coefficient  of  self-induction  we  know 
that,  if  a  small  change  in  current,  Ai,  takes  place  in  a  small  time,  At,  the 
induced  voltage  is  given  by  the  expression 

^'-'4 p'> 

wht'it'  t  is  ilu'  counter  e.in.i".  ol  self-induclioii,  which,  in  the  alternating- 
current  circuit,  is  called  the  inductance  reaction.     From  this  definition 

Ai . 
of  L  it  follows  that  when  —  is  positive,  the  inductance  reaction  is  negative, 

and  when  —  is  negative,  the  inductance  reaction  is  positive. 

Further,  as  we  have  already  shown,  if  the  impressed  e.m.f.  of  the  cir- 
cuit of  Fig.  20a  is  a  sine  wave,  the  form  of  the  inductance  reaction  must 
be  a  sine  wave,  and,  as  the  form  of  the  inductance  reaction  is  determined 

Ai  At 

entirely  by  the  form  of  --,  it  follows  that  -r:  must  be  a  sine  wave  with 

At  At 

respect  to  time.    But  if  the  rate  of  change  of  a  current  is  to  be  a  sine  wave, 

it  follows  that  the  current  itself  must  be  a  cosine  wave. 

We  arrive,  then,  at  the  conclusion  that,  if  a  sine  wave  of  voltage  is 
impressed  on  a  circuit  containing  inductance  only,  the  current  which 
flows  must  be  a  cosine  wave,  that  is,  another  sine  wave  displaced  90**  with 
respect  to  the  voltage  wave.  Now  the  question  to  be  determined  is 
whether  the  wave  of  current  is  displaced  90"  ahead  or  90**  behind  the 
impressed  voltage. 

From  consideration  of  Eq.  (31),  we  see  that  when  the  inductance 

reaction  is  positive,  — ,  the  rate  of  change  of  current  must  be  negative, 

and  when  the  inductance  reaction  is  negative,  the  rate  of  current  change 
must  be  positive. 

In  Fig.  206,  the  inductan<-('  reaction  i.s  shown  in  its  profXT  pha.se  with 
respect  to  the  impressed  voltage.     As  the  reaction  is  negative  fn)nj  0  to  r, 


v-^' 
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it  follows  that  the  rate  of  current  change  must  be  positive  during  this 
interval.  This  condition  can  only  be  satisfied  by  having  the  current  at 
the  negative  maximum  value  at  time,  ^  =  0,  as  shown  by  the  dotted  curve 
of  Fig.  206.  It  is  to  be  noted  particularly  that,  although  the  current  itself  is 
shown  negative  from  0  to  7r/2,  the  rate  of  change  of  current  during  this  same 
interval  is  positive. 

It  will  be  seen  that,  when  the  current  is  plotted  as  determined  in  the 
above  paragraph,  and  as  shown  in  Fig.  206,  the  condition  that  the  rate  of 
change  of  current  must  be  negative  when  the  inductance  reaction  is  positive, 
is  also  satisfied;  this  condition  holds  from  w  to  2ir.  It  is  further  seen  that 
plotting  the  current  in  this  phase  also  satisfies  the  condition  that  the 
maximum  value  of  the  inductance  reaction  occurs  when  the  current  is 
changing  at  its  maximum  rate,  which  occurs  when  the  current  is  going 
through  its  zero  values. 

To  write  the  equation  of  inductance  reaction,  we  remember  that  it  is 

equal  to  the  coefficient  of  self-induction,  taken  with  a  negative  sign, 

maltiplied  by  the  rate  of  change  of  current.     But  the  current  shown  in 

Fig.  206  is  a  negative  cosine  wave,  negative  because  it  has  the  value  (  —  1) 

at  time,  ^  =  0.     Now,  as  the  rate  of  change  of  a  cosine  wave  is  a  negative 

sine  wave,  the  rate  of  change  of  the  current  shown  in  Fig.  206  is  a  positive 

Ai 
sine  wave,  represented  by  the  equation  —  =  2x/7m  sin  27rft,  if  the  current 

has  been  represented  by  the  equation  i=  —Im  cos  2Trft. 

The  expression  for  the  inductance  reaction  is,  therefore,  for  the  case 
shown  in  Fig.  20, 

Inductance  reaction  =  —  27r/L7„,  sin  27^/^        .     .     .     (32) 

If  the  current  had  been  taken  as  a  sine  wave  (as  might  have  been  done 
by  taking  the  impressed  e.m.f.  as  a  cosine  wave),  the  equation  for  current 
would  be  i  =  Im  sin  2Trft,  and  we  should  then  have 

Inductance  reaction  =  —  2-KfLIm  cos  2Tft.        .     .     .     (33) 

It  will  be  noticed,  for  either  case,  that  the  inductance  reaction  lags  behind 
the  current  by  90°;  that  is,  the  current  leads  the  inductance  reaction  by  90°. 
Now,  as  the  impressed  force  is  just  opposite  to  the  inductance  reaction 
(if,  as  assumed  here,  the  circuit  has  no  resistance),  it  follows  that  in  such  a 
circuit  the  current  lags  behind  the  impressed  voltage  by  90°. 

Now,  as  the  impressed  force  and  inductance  reaction  are  always  equal 
to  each  other  and  opposite  in  direction,  we  may  write  the  equality  between 
them  for  any  convenient  time  in  the  cycle.  Selecting  the  time  when  the 
impressed  voltage  has  its  maximum  value  E„,  at  which  instant  the  induct- 
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anoe  reaction  has  its  niaximuin  value,  —2rfLIm,  and  lieariiig  in  mind  U»at 
the  sum  of  the  impressed  force  and  reaction  must  be  zero,  we  write 

E^-2TfLU^0, 
or 

E^'2rfLU (34) 

The  quantity  —2irfLIm  is  the  reaction  itself;   the  quantity  2r/LIm  is 
he  component  of  the  impressed  force  that  overcomes  the  reaction. 
Multiplying  both  sides  of  the  last  equation  by  0.707,  we  have 

E^2rfLI, (35) 

which  gives  us  the  relation  in  effective  values  of  both  voltage  and  current. 
Equation  (34)  may  be  derived  in  another  manner.  Consider  that  the 
current,  taken  by  a  circuit  possessing  a  self-inductance  L,  is  a  sine  wave  of 
frequency  /,  and  of  maximum  value  /».  Dxu-ing  one  cycle  the  current 
hanges  four  times  from  zero  to  maximum  value,  or  vice  versa,  or  once 
'  ach  quarter  cycle.  The  time  of  one  quarter  cycle  is  1/4/  second;  there- 
fore, if  the  current  changes  from  zero  to  /«  amperes,  or  from  /«  to  zero 

amperes  in  one-quarter  cycle,  its  average  rate  of  change  is  t~t>='*/^"i 

amperes  per  second.    The  average  voltage  of  self-induction  will  then  be 

Average  l^J  =4/^/«, 

which  in  turn  must  equal  the  average  value  of  the  impressed  voltage. 
Thus 

Average  E=4fLI^. 
Since 

„      average  E 

we  have 

£.  =  ^"  =  2r/L/.. 

By  use  of  calculus,  this  expression  for  the  reaction  due  to  self- 
induction  is  easily  obtained.  By  the  definition  of  the  coefficient  of  self- 
induction,  the  back  e.m.f.  of  self-induction,  i.e.,  the  inductance  reaction, 
is  given  by 

At 


Inductance  reaction  =  —  *- .  ^, 

Ac 


which  in  terms  of  differentials  is 


Inductance  reaction  =—L-T. (36) 

dt 
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If  we  now  assume  the  current  a  sine  wave,  i  =  Im  sin  2Trft,  we  have 
Inductance  reaction  =  —  Ly  =  —  L{2TfIm  cos  2wft) 

=  —27rfLIm  cos  2irfl. 

This  relation  is  shown  in  Fig.  21;  and  as  the  impressed  force  must  be 
just  equal  and  opposite  to  the  inductance  reaction,  this  derivation  also 
shows  that  the  current  in  a  circuit,  containing  inductance  only,  lags  90° 
behind  the  impressed  force. 

24.  Inductive  Reactance. — The  quantity  27r/L  in  Eq.  (32)  is  a  con- 
slant  for  any  given  frequency,  provided  the  permeability  of  the  flux  path 
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Fig.  21. — Showing  how  the  inductance  reaction  and  current  are  related. 

is  constant;   it  is  called  the  inductive  reactance  of  the  alternating-current 
circuit,  and  is  designated  by  the  symbol  Xl.     We  have,  then, 


and 

from  which 


Maximum  inductance  reaction  =  —  ImXj,, 
E„,  =  I„,Xl     and     E  =  IX,,, 


Xi  = 


E„ 


and  Xi^  = 


E 


(37) 


E 


This  last  equation  is  similar  to  the  expression  R=  j,  and  since  7?  is 

expressed  in  ohms,  it  is  to  be  expected  that  Xl  is  also  expressed  in  ohms. 

In  Fig.  20c,  the  vector  diagram  for  an  inductive  circuit  is  shown;  tl  (^ 
inductance  reaction  is  drawn  180°  from  the  impressed  voltage  and  the  cur- 
rent 90°  behind  the  impressed  voltage. 
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riu*  ukuu  uiiito  reaction  of  any  liuuit  varies  directly  with  tlie  fre- 
quency.    A  circuit  posoesHing  a  self-inductance  of  0.5  henry,  ha«,  when 

onnected  to  a  25-cyclc  voltage,  a  reactance  of  2t  •  25  •  0.5 »  78.5  ohnits. 
When  connected  to  a  (iO-cycle  voltage  the  reactance  of  the  saine  circuit  in 
_Vt)0  0.5=188ohni.s. 

26.  Power  in  a  Circuit  Containing  only  Inductance.— The  curve  of 
iiistantantH)Us  power,  for  a  circuit  containing  only  inductance,  i«  con- 

tructe<l  by  pibtting  the  product  of  the  instantaneous  values  of  current 
iiid  voltage.  In  Fig.  22,  the  full-line  curve  represent.**  the  impressed  volt- 
119^.  the  dotted  curve  the  current  (lagging  90®  l)ehind  the  voltage),  and  the 

rokeu-line  curve  the  instantaneous  power;  the  latter  is  seen  to  be  a  curve 


N        ^i-UiJn(2«/t-»y 

\  / 


_J.      rhf  jjower  curve  in  a  purely  inductive  circuit  is  equally  aljove  and  Ix'low 
the  a-xis,  indicating  that  the  average  value  of  power  in  such  a  circuit  is  «c*ro. 


of  double  frequency  with  equal  positive  and  negative  loops.  Considera- 
tion of  the  values  of  voltage  and  current  will  show  that  the  power  must 
have  an  instantaneous  value  of  zero  four  times  per  cycle,  or  whenever 
tither  voltage  or  current  is  zero.  Between  90*  and  180"  and  between  270* 
md  360",  the  current  and  voltage  act  in  the  same  direction;  during  thtse 
intervals  the  power  is  positive.  Between  0"  and  90°  and  between  180"* 
and  270°,  current  and  voltage  have  opposite  directions  and  the  power  b 
therefore  negative. 

Whenever  current  is  increasing  in  a  circuit  containing  inductance,  a 
magnetic  field  is  being  established.  A  magnetic  field  represents  the 
storage  of  an  amount  of  energ>' ;  therefore,  as  the  current  increases,  the 
circuit  is  storing  energ>-  and  taking  it  from  the  source.    Power  taken  by  a 
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circuit  from  its  source  of  energy  is  always  considered  as  positive  power. 
During  the  period  that  the  current  is  decreasing,  the  magnetic  field  is  col- 
lapsing, and  the  magnetic  energy  stored  in  the  magnetic  field  is  being 
given  up  or  restored  to  the  source  from  which  it  originally  came.  When- 
ever a  circuit  restores  energy  to  its  source,  the  power  is  considered  nega- 
tive. 

The  circuit  having  been  considered  as  having  no  resistance,  no  power  is 
being  lost  as  heat,  and  we  see  that  the  circuit  must  restore  as  much  energy 
during  a  quarter  cycle  as  it  absorbed  during  the  previous  quarter  cycle. 
This  is  indicated  in  our  power  curve  by  the  equal  positive  and  negative 
loops. 

We  may  write,  then,  for  a  circuit  containing  only  inductance, 

EI=  zero  power. 

To  determine  by  the  calculus  the  average  power  in  a  circuit 
containing  only  inductance,  it  is  necessary  to  integrate  the  product 
Em  sin  oit{  —  Im  COS  uii)  over  a  complete  cycle.  As  a  complete  cycle  of  power 
occurs  during  the  time  of  one-half  cycle  for  either  voltage  or  current,  we 
need  to  integrate  over  only  the  time  from  zero  to  it.     Thus, 

1  A 
Average  power  =  -  I    \Em  sm  o>t{  —  Im  cos  cot) } d{(at) 

— ^_^  1     sin  ojf  COS  aj<  d(«0 

[_  cos^w^l '  _  „ 
~~4      Jo~ 


—  Emif, 


26.  Volt-amperes.  Power  Factor. — In  any  alternating-current  circuit 
the  product  of  volts  and  amperes  is  stated  in  terms  of  a  unit  called  the 
volt-ampere.  We  have  seen  that,  in  the  case  of  a  circuit  containing  only 
resistance,  the  volt-amperes  are  equal  to  the  watts,  whereas,  in  a  circuit 
containing  only  inductance,  the  power  was  zero. 

It  will  be  shown  later  that,  in  any  circuit, 

Power  =  EI  cos  <i>, 

where  <i>  is  the  angle  between  voltage  and  current;    cos  </>  is  called  the 
yower  factor.    We  have  the^ 

.  _  Power  in  watts  _  _P  .oo\ 

^''^'^~  Volt-amperes  ~  El ^  ^^ 
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In  a  circuit  containing  only  resiirtancc,  tho  watt.-^  arc  cHjual  u>  the 
volt-amperes:  the  power  factor  has  its  greatest  possible  value,  or  one, 
rhe  current  and  voltage  being  in  phase,  the  angle  between  them  is  zero  and 
tlie  cosine  for  a  zero  angle  is  one.  In  a  circuit  containing  only  inductance, 
t  he  angle  l)etween  current  and  voltage  is  90**  and  the  cosine  of  90"  is  zero. 
I  luMTfore  the  |X)vver  is  zert). 

27.  Condensers. — As  shown  in  elementar>'  physics,  an  electrical  con- 
denser consists  of  two  conducting  plates,  separated  by  some  insulating 
dielectric,  such  as  air,  oil,  or  paraffined  paper.  In  a  perfect  condenser 
there  is  no  leakage  of  current  from  one  plate  to  the  other  through  this 
dielectric;  the  insulation  resistance  is  supposed  to  be  infinity. 

As  it  was  kno>>'n,  in  the  early  days  of  electrical  experiment,  that  elec- 
tricity could  run  into  and  out  of  such  a  combination  of  conductors  and 
dielectric,  and  yet  that  electric  current  could  not  flow  through  the  dielec- 
tric, it  was  supposed  that  the  electricity  condensed  in  some  way  in  the 
dielectric;  hence  the  name,  "  condenser." 

Condensers  are  used  to  a  large  extent  in  alternating-current  circuits; 
the  telephone  companies  have  millions  of  them  in  their  networks  of  wires, 
and  in  recent  years  power  companies  have  begun  to  use  large  condensers  in 
t  heir  power  houses  to  correct  certain  troubles  arising  from  inductive  loads. 
>f  course,  in  radio  communication,  condensers  are  used  a  great  deal,  their 
apacitance  (or  capacity,  as  it  was  formerly  called)  being  low  and  variable 
in  amount. 

The  unit  of  capacitance  is  the  farad;  a  condenser  has  a  capacitance  of 

'>ne  farad  when  one  coulomb  of  electricity  will  charge  it  to  a  potential  dif- 

rence  of  one  volt.     The  charging  of  a  condenser  takes  place  somewhat 

in    this  fashion:    Consider  a 

ondenser,  made  of  the   two  ^ 

inducting  plates  A  and   B,    —    I 
insulated  from    one   another,        -"T" 
and    connected    in    a   circuit  


as    shown     in    Fig.     23,    the  piQ.  23.— A  condenser,  to  be  charged  by  battery 
-witch,   S,  being   open.     The.  J?  when  the  switch  is  cloeed. 

two  plates  A  and  B  are  un- 
charged; that  is,  each  has  the  proper  numlx»r  of  free  electrons  to  exactly 
neutralize  the  charge  in  the  positive  nuclei.  When  the  switch  is  closed, 
'he  two  plates  must  assume  the  potential  of  the  respective  poles  of  the  bat- 
ry,  E,  to  which  they  are  connected;  that  is,  A  must  become  positively 
charged  with  respect  to  B,  by  an  amount  equal  to  the  voltage  of  the  bat- 
tery. From  the  electron  viewpoint,  this  can  only  mean  that  some  elec- 
t  rons  leave  A  and  a  corresponding  number  collect  on  B.  When  the  switch, 
^.  is  closed,  therefore,  there  is  a  slight  shift  in  all  the  electrons  in  the  cir- 
cuit, in  a  counter-clockwise  direction.    They  do  not  move  very  far;   the 
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electrons  that  leave  plate  A  do  not  flow  around  the  circuit  to  plate  B,  as  is 
frequently  stated  in  text-books. 

Let  us  suppose  that  the  wire  used  in  making  the  connections  has  a 
cross-section  of  1  sq.  mm.;  there  will  be,  per  cm,  length  of  this  wire,  about 
KF^  free  electrons,  the  coordinated  motion  of  which  constitutes  current  in 
the  wire.  As  one  coulomb  is  equal  to  6.28X10'^  electrons,  it  is  seen  that 
to  put  one  coulomb  of  electricity  in  the  condenser,  the  electrons  in  the  wire 
constituting  the  circuit  would  have  to  move  less  than  0.001  cm.  What 
happens,  then,  if  such  a  condenser  as  that  shown  in  Fig.  23  is  charged 
with  one  coulomb  of  electricity  (an  amount  much  greater  than  is  ever 
stored  in  an  actual  condenser)?  The  charging  process  consists  of  a  slight 
shift  of  all  the  electrons  in  the  circuit,  in  counter-clockwise  direction  for 


Fig.  24. — The  ordinary  condenser  used  in  telephone  circuits  is  made  up  of  very  thin 
metallic  sheets  (aluminum  foil  or  tin  foil)  separated  by  thin  wax-impregnated 
paper. 


charging  the  condenser  as  it  would  be  in  Fig,  23,  and  clockwise  if  tlie  bat- 
tery should  be  reversed. 

The  unit  of  capacitance  is  the  farad;  a  condenser  having  this  amount  of 
capacitance  would  require  one  coulomb  of  electricity  to  charge  it  to  a 
potential  difference  of  one  volt.  We  might  also  say  that  such  a  condenser 
shows  a  difference  of  potential  of  one  volt,  if  6.28X10'^  electrons  are 
taken  from  one  plate  and  this  same  number  added  to  the  other.  This 
unit  of  capacitance  is  much  too  large  for  practical  purposes;  the  ordinary 
imit  is  the  mia-ofarad,  or  one-millionth  of  a  farad;  condensers  of  one 
microfarad,  or  a  fraction  thereof,  are  used  extensively  in  telephone  wiring 
schemes.  In  radio,  the  variable  condensers  used  for  tuning  in  different 
signals  are  generally  measured  in  micro-microfarads,  this  unit  being  one 
millionth  of  one  millionth  of  a  farad.  The  ordinary  tuning  condenser 
has  a  maximum  capacitance  of  1000  micro-microfarads,  or  less. 
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The  ordinary  t«*l(*pl»oiH*  condciitit'r,  ujwni  in  U'lephonc  circuiU,  in  made 

two  long,  narrow  8heot«  of  tinfoil  or  aluminum  foil,  separated  by  ihin 

paraffined  pajx'r,  all  wrapped  tightly  together  and  squeezed  into  a  small 

metal  container,  the  two  tinfoil  (aluminum  foil)  sheets  being  connected  to 

thin  copper  strips  which  project  through  two  holes  in  the  caae.    The  roll 

tinfoil  and  paper  is  immersed  in  hot  wax  to  drive  out  all  the  air,  and  is 

.-uhjected  to  high  pressure  to  squeeze  out  most  of  the  wax  l)efore  being 

fitted  into  a  thin  metal  lx)X.     Such  a  condenser,  as  well  as  one  which  has 

•  tkcii  out  of  its  containing  Ixjx  and  partly  unrolled  to  show  the 


,  25. — Variable  condensers,  using  air  for  dielectric,  are  extensively  used  in  radio 
circuit*.  Shown  here  is  a  high-grade  condenser,  having  a  slow-motion  on  the 
moving  pistes;  its  maximum  capacit}'  is  0.0015  microfarad. 


'  Tifoil  sheets,  is  shown  in  Fig.  24.  The  paraffined  paper  in  such  a  con- 
iiser  is  about  one-thousandth  of  an  inch  in  thickness;  yet  so  well  is  it 
impregnated  with  paraffin  that  the  insulation  resistance  is  generally  a 
"xxi  many  million  ohms. 

In  Fig.  25,  is  shown  a  variable  condenser  for  a  radio  circuit,  each  of  the 
plates  of  the  conden.ser  in  this  ca.se  lx»ing  a  group  of  semicircular  plates 
which  fit  into  one  another  more  or  less  as  the  axis  is  rotated.  The  dielec- 
1 1  ic  in  this  case  is  air;  the  condenser  shown  in  the  photograph  has  a  max- 
imum capacitance  of  0.0015  microfarad. 

In  Fig.  2»'  •'-  -'v>wn  a  group  of  ronflen«ors  intended  for  u.se  in  an  alter- 
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Fig.  26. — Condensers  of  high  voltage  and  current  capacity  are  being  used  more  and 
more  extensively  in  power  plants  to  compensate  for  the  inductive  loads  usually 
met  in  practice.  This  bank  of  condensers  is  for  a  three-phase  line;  each  is  in 
series  with  a  fuse  which  will  blow  if  the  condenser  breaks  down  while  in  service. 
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naiing-current  power  plant;  they  eonsL<;t  of  thin  UKtal  phitfs  iiiun<*rs<»l 
in  tanks  filled  with  gotnl  insulating  oil.  Such  eoniUnM-rs  an-  giiurallv 
designed  for  operation  on  a  22(X)-volt  circuit,  being  sufficiently  well  insu- 
lated by  proper  separation  of  the  plates  and  oil  as  the  dielectric  so  that 
it  will  stand  safely  alK)ut  10,(X)0  volts. 

28.  Alternating-current  Circuit  Containing  only  Capacitance.— Wo 
have  seen  that  when  a  continuous  voltage,  E,  is  impressed  on  a  ajndens^T. 
the  latter  must  have  a  quantity  of  electricity,  Q,  in  coulombs,  on  its  plat«'s, 
-uch  that  J?  =  Q  C,  where  C  is  the  capacitance  of  the  condenser  in  farads. 

If  the  voltage  impressed  on  the  condenser  is  increased  by  a  small 
amount  AE,  the  capacitance  of  the  condenser  remaining  constant,  the 
juantity  of  electricity  stored  in  tin-  comlenser  must  increase  by  an  amount 
aQ,  such  that, 

or. 

Q-\-AQ  =  C{E-j-AE). 

Since  Q  =  EiC,  it  follows  that 

AQ  =  C(AE) (39) 

The  passage  of  a  quantity  of  electricity,  over  the  wires  leading  to  the 
condenser,  is  a  current;  and  since  the  passage  of  one  coulomb  of  electricity 
in  one  second  constitutes  one  ampere,  we  may  say  that  the  current  flowing, 
when  the  voltage  is  increased  by  an  amount  AE  in  a  short  time  interval 

At  second,  is 

^i-=^ <-' 

Thus,  with  an  increasing  impressed  voltage,  the  greater  the  rate  of 
>  hange  of  voltage,  the  more  quickly  the  condenser  must  charge,  or  absorb 
coulombs  of  electricity,  and  therefore  the  greater  the  current  flowing 
into  it.  With  a  decreasing  voltage,  the  condenser  decrea.ses  its  charge, 
and  iht'  greater  the  rate  of  change  in  the  voltage,  the  more  quickly  the 
coulombs  of  electricity  will  leave  the  condenser,  and  the  greater  the  current. 

We  deduce,  therefore,  from  Eq.  (40),  that  the  current  flowing  in  a 
condenser  is  equal  to  the  capacitance  of  the  condenser  multiplied  by 
the  rate  of  change  of  the  voltage.  This  equation  also  indicates  that,  when 
the  voltage  is  increasing  numerically  and  its  rate  of  change  is  positive, 
voltage  and  current  have  the  same  direction.  Wlien  the  voltage  is  positive, 
and  decrea.sing  numerically,  its  rate  of  change  is  negative  and  the  current 
and  voltage  have  opposite  signs. 

\Micn  a  sine  wave  of  voltage  is  impressed  on  a  condenser,  as  m  i  ig.  -;7»i, 
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the  condenser  must  develop  a  reaction  voltage,  which  is  equal  and  oppo- 
site to  the  impressed  force  at  any  instant;  this  is  indicated  by  the  full-line 
and  broken-line  curves  of  Fig.  276.  As  the  impressed  voltage  begins 
increasing  positively  from  zero,  it  does  so  at  its  greatest  rate;  this  rate  of 
increase  gradually  decreases,  reaching  zero  when  the  voltage  reaches  its 
maximum  or  90°  value.  The  current,  being  proportional  to  the  rate  of 
change  of  the  voltage,  must  therefore  also  be  positive,  and  have  its  maxi- 
mum value  when  the  voltage  is  passing  through  its  zero  value;  when  the 
voltage  is  at  its  90°  value  and  not  changing,  the  current  will  have  fallen  to 
zero. 


l''i(j.  27. — Curve  diagram  and  vector  diagram  for  a  condensive  circuit  of  no  losses; 
the  current  loads  the  impressed  voltage  by  90°. 


When  the  voltage  starts  to  decrease,  the  reaction  voltage  nmst  also 
decrease,  and  in  order  that  the  reaction  voltage  may  decrease,  the  con- 
denser nmst  give  up  some  of  its  charge  of  electricity.  Hence  a  current  will 
flow  in  the  direction  opposite  to  that  of  the  impressed  voltage.  Between 
90°  and  180°,  while  the  voltage  decreases  from  its  maxinuun  positive  value 
to  zero,  the  current  increases,  with  negative  value,  from  zero  to  its  maximimi 
negative  value.  We  see  then  that  the  current  must  lead  the  impressed 
voltage  by  90°. 

This  deduction  would  have  followed  directly  from  Eq.  (40),  in  which 

AE 
the  quantity  —  represents  the  rate, of  change  of  the  voltage.     From  the 

proof  given  in  section  18,  that  the  rate  of  change  of  a  current,  i  =  Im  sin  27r//, 
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is  equal  to  2t//u,  cos  2rft,  we  may  say  clirectly  that  the  rate  of  chaDge  of  a 
voltuRC',  #—£„  sin  2*//,  is  equal  to  2t/J?«  cos  2Tft. 

Therefore,  us  the  current  into  a  condenser  is  equal  to  its  capacitance 
inultiplie<l  hv  the  rate  of  change  of  the  impressed  voltage,  the  current 
flowing  into  a  condenser  of  capacitance  C,  may  be  written 

i  =  2TfCE^cos2irft, (41) 

whicii  evidently  leads  the  imprevSsed  voltage,  E^  sin  2irft,  by  90". 
To  derive  the  alxjve  expression  by  the  calculus,  we  have 

i  =  C^  =  C^(i?«  sin  2Tft)=2irfCE„  cos  2t//. 

From  Fj(\.  (41),  it  follows  that  the  maximum  value  of  the  current  is 

U  =  2wfCE^, 12 


or  that 


^-=2;^'^-'W' ^^'^^ 


From  our  original  assimiption.  the  reaction  voltage  dovoloped  by  the 
circuit  is 

-E^s\n2irft, 

so  that  the  maximum  value  of  the  reaction  voltage  is  equal  to  E^,  and 

from  Ya\.  M^V^  this  is  oqual  to 

1 


-/, 


27r/C" 


so  that  the  full  ecjuation  for  thq  capacitance  reaction  is— ,c-^,  sin  2xft. 

Since  the  algebraic  sum  of  the  impressed  force  and  the  reaction  must  be 
zero,  we  have 


^+(-^"-2^')=«' 


E^=U     ^        ^•" 


2rfC    2t/C" 

which  checks  E^.  (43). 

The  quantity  Im-^—fp  is  therefore  the  component  of  the  impressed 

force  that  overcomes  the  reaction  of  the  condenser. 

Exjuation  (44)  may  also  lx«  derived  in  a  different  manner.  Consider 
the  sine  curves  of  current  and  voltage  in  Fig.  276.  When  the  voltage  is 
at  it«  maximum  value,  Em,  at  the  end  of  the  first  quarter  cycle,  the  charge 
on  the  plates  of  the  condenser  is  also  of  maximum  value,  Q«,  such  that 
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Qm  =  EmC.  This  charge  was  put  on  the  plates  during  the  same  quarter 
cycle  by  the  current,  which  decreased  from  its  maximum  value  to  zero. 
Since  current  is,  by  definition,  the  quantity  of  electricity  conveyed  per 
second,  quantity  of  electricity  is  also  the  product  of  the  average  current 
and  time.  The  quantity  of  electricity,  therefore,  conveyed  during  a  quar- 
ter cycle,  is 

Q„  =  Average  7-^^, 

since  the  time  of  one  quarter  cycle  is  1/4/  second. 
We  have  seen  that 


Er, 


Since,  for  a  sine  wave 
we  have 


Er, 


4/   ' 
Av.7 

Aw.  I  X         T       T       ^ 

■■  o  or,     Av. /  =  /„•-, 

Z,  X  IT 


2irfC' 


29.  Capacitive  Reactance. — The  quantity  ^   .^  is  a  constant  for  any 

given  frequency,  provided  the  capacitance  in  the  circuit  is  constant;  it  is 
called  the  capacitive  reactance,  or  anti-inductive  reactance,  and  is  designated 
by  the  symbol  Xc.     We  have  seen  that 


and  that 
from  which 


Maximum  capacitive  reaction  =  ImXe, 
Em  =  ImXc    and    E  =  IXc, 

E                          E 
Xc  =  j^     and     Xc  =  Y (45) 

E  E 

The  last  expression  is  similar  to  the  equations  Xl  =  y   and  R—  j  ; 

it  is  therefore  to  be  expected  that  Xc  will  also  be  expressed  in  ohms. 

In  Fig.  27c,  the  vector  diagram  for  a  capacitive,  or  anti-inductive, 
circuit  is  shown;  the  capacitive  reaction  is  drawn  180°  from  the  impressed 
voltage,  and  the  current  90°  ahead  of  the  impressed  voltage. 

The  capacitive  reactance  of  any  circuit  varies  inversely  as  the  frequency. 
A  circuit  possessing  a  capacitance  of  100  microfarads,  or  100X10"^  farads, 

when  connected  to  a  25-cycle  voltage,  has  a  reactance  of  ^ — oK.iru)  in-e ~ 
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63.66  ohms.    When  connected  to  a  60-cyclc  voltage,  the  reactance  of  th  ■ 
10« 


same  circuit  is 


=  26.53  ohms. 


2T-60100 

30.  Power  in  a  Circuit  Containing  only  Capacitance. — The  curve  of 
instantaneous  power,  for  a  circuit  containing  only  capacitance,  is  con- 
structed by  plotting  the  product  of  instantaneous  values  of  current  and 
voltage.  In  Fig.  28  the  full-line  curve  represents  the  impressed  voltage, 
the  dotted  cur\'e  the  current  leading  the  impressed  voltage  by  90°,  and  the 
broken-line  curve  the  instantaneous  power.  The  latter  is  seen  to  be 
a  curve  of  double  frequency  with  equal  positive  and  negative  loops;  there- 
fore the  average  power  is  zero.  This  was  to  be  expected ;  as  the  circuit 
is  assumed  to  have  no  resistance,  no  power  is  lost  as  heat,  and  the  con- 


•in2r/t 


Fio.  28. — The  power  curve  for  a   purely   condensivc  circuit    is  equally  ab3ve  and 
below  the  axis,  indicating  that  the  average  value  of  power  in  such  a  circuit  is  sero. 

denser  restores  as  much  energy  during  one  quarter  cycle  as  it  absorbed 
during  the  previous  quarter  cycle. 

We  may  write  then,  for  a  circuit  containing  only  capacitance, 


In  the  expression 


EI —  zero  power. 
Power  =  £/  cos  <t>, 


where  <A  is  the  angle  between  voltage  and  current,  cos  4>  is  equal  to  zero, 
when  applied  to  a  circuit  containing  only  capacitance,  since  current  and 
voltage  differ  in  phase  by  90°;  the  power  is  thorofon*  zero.  n«  stated  l>efore. 
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To  determine  by  the  calculus  the  average  power  in  a  circuit  containing 
only  capacitance,  it  is  necessary  to  integrate  the  product  Em  sin  wl  •  Im  cos  ut, 
over  a  complete  cycle  of  the  power  curve.     Thus, 

1  T'^ 
Average  power  =  -  I    {Em  sin  o^t-Im  cos  oit)d{oit^ 

E    Im    T"" 

=    "  '"  I     (sin  w/-cos  o}t)d{ut) 
■^    Jo 

'm^  m   I 
TT      Jo 


Emim   /    ''sin  2,0)1  . 

~ — d{o)t) 


Emlm\         COS  2(j)t 
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PROBLEMS 


0. 


1.  What  is  the  instantaneous  value  of  an  alternating  voltage  (sine  form),  hav- 
ing a  maximum  value  of  150  volts,  35°  after  passing  its  zero  value,  going  positive? 
150°?     480°? 

2.  Draw  the  voltage  wave  (on  cross-section  paper)  represented  by  the  equation 

e=  100  sin  2ir  60<-|-40  sin  2tv  180f-|-25  sin  2ir  300^. 

Construct  the  curve  carefully,  for  one  alternation  of  the  60-cycle  value.      In  a 
similar  manner  construct  the  curve 

e  =  100  sin  27r  60<+ll  sin  27r, 300^-1-9  sin  540^. 

3.  Assuming  10^^  molecules  of  copper  per  cubic  centimeter,  and  one  free 
electron  per  molecule,  what  is  the  average  to-and-fro  motion  of  an  electron  in  a 
No.  10  wire  carrying  a  current  of  50  amperes,  60  cycles?  Of  the  electrons  in  a 
radio  set,  made  up  of  No.  24  wire,  carrying  a  current  of  50  microamperes  at  one 
million  cycles  per  second? 

4.  What  is  the  maximum  voltage  of  a  60-cycle,  110- volt  circuit.  A  spark 
gap  set  to  break  down  at  20,000  volts  will  require  what  effective  voltage  to  break 
down? 

5.  What  is  the  effective  value  of  the  two  voltages  given  in  Prob.  2?  What 
is  the  maximum  voltage  of  each  of  these  waves? 

6.  What  is  the  form  factor  of  each  of  the  waves  of  Prob.  2? 

7.  What  is  the  maximum  rate  of  change  of  a  lOO-ampere,  60-cyclc  current? 
Of  a  25-ampere,  500,000 -cycle  current? 

8.  A  condenser  of  150  microfarads  offers  how  many  volts  reaction  to  further 
charge  after  0.03  coulomb  of  electricity  has  flowed  into  it?  Answer  same  question 
for  a  radio  condenser  of  0.005  microfarad  after  a  current  of  3  microamperes  has 
flowed  into  it  for  0.0015  .second. 

9.  A  resistance  of  15.5  ohms  is  connected  to  a  110-volt,  60-cycle  circuit. 
How  much  power  is  used?  What  would  be  the  answer  if  the  current  wore  of 
25-cy<'le  frecjucncy? 
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•  10.  Ill  a  circuit  of  ncglifnMe  resistance  and  0.26  henry  inductance,  huw 
much  current  will  flow  if  it  is  connected  to  a  110-volt,  60-cycle  line?  A  220 -volt, 
'J.Vcyclc  hne?    A  10-volt  circuit  of  2000  cycles  fre<juency? 

11.  What  is  the  reactance  of  a  coil  of  0.062  henry  connected  to  a  60-cyclc 
apply?    What  would  be  the  reactance  if  that  coil  were  used  in  a  telephone 

circuit  of  800  cycles  frequency? 

12.  What  would  be  the  maximum  reacting  force  if  0.25  ampere  was  flowing 
in  the  coil  of  l»rob.  11? 

13.  A  20-niicrofanui  condenser  i.s  connected  to  a  60-cycle  line,  the  nmxinium 
voltage  of  which  is  300  volts.    What  charging  current  flo\s 

14.  An  antenna  of  0.0026  microfarad  capacity  is  connected  to  a  IhkIi  tre(jueiicy 
ilternator  generating  150  volts  at  200,000  cycles.  How  much  charging  current 
flows  into  the  antenna? 

16.  What  Is  the  reactance  of  the  condensers  of  Probs.  13  and  14? 

16.  A  long  transmission  line  has  a  capacity  of  2.3  microfarads.  How  much 
(■liarping  current  must  be  supplied  by  a  150,000-volt,  25-cycle  alternator  connected 
\o  this  line? 

17.  Useful  voice  frecjuencies  lie  between  100  and  2000  cycles  per  second. 
What  range  of  inductive  reactances  do  the  voice  current  encounter  as  they  pass 
through  a  coil  of  65  millihenries  inductance? 

18.  If  the  voltage  wave  of  the  second  part  of  Prob.  2  Ls  impressed  on  a  con- 
tienser  of  20  microfarads,  how  much  current  will  each  of  the  component  voltages 
« liiise  to  flow?  Will  the  charging  current  be  more  or  less  distorted  than  the 
voltage  impressed? 

19.  What  will  be  the  maximum  value  of  the  current  in  Prob.  18?  What 
will  l)e  its  form  factor? 

20.  If  the  voltage  of  Prob.  18  is  impressed  on  a  coil  of  n^ligible  resistance 
lid  0.372  henry,  how  much  current  will  each  of  the  component  voltages  cause 

to  flow?    Will  the  resulting  current  be  more  or  less  like  a  sine  wave  than  the 
impressed  voltage? 
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THE  USE  OF  VECTORS  IN  ALTERNATING-CURRENT  CIRCUITS 


31.  Scalars  and  Vectors. — Quantities  generally  may  be  divided  into 
scalars  and  vectors. 

A  scalar  quantity  is  one  completely  specified  by  magnitude  and  "  sense  " 
(i.e.,  whether  positive  or  negative).  Examples  of  scalar  quantities  are 
bushels,  time,  work,  power,  temperature,  mass,  continuous  currents  and 
voltages,  etc.     Scalar  quantities  are  added  algebraically, 

A  vector  quantity  is  one  that  requires  for  its  complete  specification 
both  magnitude  (or  intensity)  and  direction.  A  vector  quantity  may  be 
represented  by  a  line,  equal  in  length  to  the  magnitude  of  the  quantity, 
and  parallel  to  the  direction  of  the  quantity.  Such  a  line  is  called  a  vector. 
Examples  of  vector  quantities  are  forces,  velocities,  etc;  furthermore,  we 
continually  use  rotating  vectors  to  represent  alternating  currents  and 
voltages,  and  so  must  consider  vector  operation  before  trying  to  solve 
alternating-current  problems. 

32.  Vector  Addition  and  Subtraction. — If  two  forces,  Fi  and  F2,  act 

on  a  body,  their  directions 

F  are    usually    defined   with 

respect  to  two  arbitrarily 
chosen  lines  or  axes  of  refer- 
ence which  lie  in  the  same 
plane  as  the  forces.  These 
axes  of  reference  are  prac- 
tically always  taken  as  ver- 
tical and  horizontal  lines; 
thus  the  two  forces  are 
defined  as  in  Fig.  29,  Fi 
making  an  angle  a  with  the 

, ,.  .     ,  ,.  horizontal  and  F2  making 

-Vector  addition  by  polar  diagram.  ^     a      -j.!.    xi.     i.     • 

an  angle  p  with  the  hori- 
zontal. If  more  than  two  forces,  not  lying  in  the  same  plane,  are  to  be 
combined,  they  must  be  defined  with  respect  to  three  axes  of  reference, 
generally  at  right  angles  to  each  other.  As  the  vectors  used  in'representing 
alternating-current  circuits  always  lie  in  the  same  plane,  we  shall  consider 
only  the  addition  and  subtraction  of  vectors  lying  in  the  same  plane. 
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riu'  lu,.  iwio  »,riors  in  Fig.  29  may  l)c  replaced  by  a  single  vector, 
lUod  the  resultant,  which  will  have  the  8amc  effect  on  the  body  as  the 
two  component  forces  acting  in  conjunction,  at  the  same  point  of  applica- 
t  ion.  This  resultant  is  obtained  by  completing  the  parallelogram  OF1FF2; 
t  he  diagonal  OF  is  the  resultant,  as  may  readily  be  proved  if  the  component 
forces  Fi  and  F2  are  each  resolved  into  their  respective  horizontal  and 
vertical  coiniMJnpnts. 

Horizontal  component  of  Fi=OFi  cos  a  =  OA ; 
Horizontal  component  of  F2  =  OF2  cos  fi  =  OC  =  FiG  =  AE; 
Horizontal  component  of  F  =0F   coa  e  =  OE  =  OA-\-AE; 
Vertical  component  of       F\=OF\  sin  a  =  AFi=OB; 
Vertical  component  of       F2  =  OF 2  sin  /3  =  CF2  =  OF  =  BH ; 
Vertical  component  of      F  ==0F  sin  e  =  OH  =  OB+ BH ; 


ZHT'  OH 

OEf^-{-OH^    and    tan^=^^. 


The  horizontal  component  of  the  resultant  is  the  algebraic  sum  of  the 
horizontal  components  of  the  different  vectors,  and  the  vertical  component 
of  the  resultant  is  the  algebraic  sum  of  the  vertical  components  of  the  dif- 
ferent vectors. 

The  same  graphical  operation  might  have  been  carried  out  somewhat 
lifferently.  If  the  vector  Fi 
were  defined  as  making  an  angle 
a  with  the  horizontal,  and  F2 
were  defined  as  leading  Fi  by  <t> 
degrees,  the  position  of  the  two 
vectors  would  be  fixed  as  before 
ill  Fig.  29.  If  Fi  is  properly  laid 
off  and  then  F2  is  drawn  making 
an  angle  <f>  with  OFi  produced, 
the  angle  <t>  l)eing  laid  off  in 
counter-clockwise  direction  (since 
F2  leads  Fi),  the  construction 
would  appear  as  in  Fig.  30.  It 
will  be  seen  that  the  tail  of  the 

-econd  vector,  F2,  has  been  placed  at  the  head  of  the  first  vector,  Fi.  The 
vector  OF  is  then  the  resultant,  joining  the  tail  of  the  first  vector  with  the 
head  of  the  last. 

A  diagram  like  that  of  Fig.  29,  in  which  all  the  component  vectors  are 
drawn  as  emanating  from  a  common  origin,  and  the  resultant  is  obtained 
by  the  completion  of  parallelograms,  we  shall  call  a  polar  diagram.     It  is 


Fia.  30. — Vector  addition  l)y  topographic 
diagram. 
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the  one  most  often  used  for  representing  alternating-current  circuits.  The 
second  method,  in  which  the  tail  of  each  successive  vector  is  laid  off  at  the 
head  of  the  preceding  one  and  the  resultant  is  obtained  by  completing  the 

polygon,  is  at  times  more  conven- 
ient to  use.  We  shall  call  it  a 
topographic,  or  polygon,  vector 
diagram. 

If  the  difference  between  two 
vectors,  as  Fi  and  F2  in  Fig.  31,  is 
desired  the  process  is  the  same. 
Suppose  that  we  wished  to  sub- 
tract vector  F2  from  Fi.  We 
might  then  subtract  the  horizon- 
tal component  of  F2  from  that 
of  Fi,  and  the  vertical  component 
of  F2  from  that  of /^i.     That  is, 

Horizontal  component  of 
resultant  =  OFi  cos  a  —  OF 2  cos  /3 
=  OA-OC  =  OA-EA=OE; 

Vortical  component  of  resultant 
=  OFi  sin  a—0F2  sin  /S 
=  OB-OD=-BD=OG. 
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Now,  "  minus  the  horizontal 
component  of  F2,"  is  the  same 
as  "  plus  the  horizontal  com- 
ponent of  —F2,"  where  —F2  is 
simply  vector  F2  reversed;  and 
"  minus  the  vertical  component 
of  F2"  is  the  same  as  "plus  the  vertical  component  of  —F2,"  as  is 
easily  seen  from  Fig.  316.     Therefore,  to  subtract  F2   from  Fi  we  need 


Fig. 


31. — Showing  how  to  subtract  vector  F-> 
from  vector  Fi  by  pohir  diagram. 


^^-- 

- 

D 

B 

._           F, 

F.-'"' 

^^__^    . 

A'     ./!e 

^-^ 

, 

G 

1. 

iA 

1         / 

A 

' 

c 

B' 

-F| 

Fio.  32. — Showing  how  to  subtract  vector  Fi  from  F>  by  pol:\r  diagram. 
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prowss  Is  the   sanip  as  in 
<\fCn   of   th«'  quantity  to  lie 


The  process 


only  reverse  F-z,  and  add  —Fj  to  /'i.  Tht* 
algebra;  to  subtract  we  simply  change  tho 
>ubtracted,  and  add. 

In  Fig.  32  is  shown  the  result  of  subtracting  Fi  from  F^. 
is  the  same,  but  it  should  be 
noted  that,  whereas  the  result- 
ant is  the  same  in  magnitude, 
it  lies  180°  from  the  resultant 
in  Fig.  31  where  F*  was  sul>- 
tracted  from  Fi. 

In  the  polygon,  or  topo- 
graphic, diagram  the  process 
is  similar.  To  subtract  vector 
Fi,  leading  Fi  by  4>  degrees, 
we  lay  off  F2  reversed,  as  in 
Fig.  33,  the  direction  of  —F2, 
•  xtended  backwards,  making 
an  angle  </»  with  Fi  extended 
forwards.  The  resultant  is  obtaintnl  as  l)efore,  by  joining  the  tail  of  the 
first  vector  with  the  head  of  the  last.  In  Fig.  34  vector  Fi  is  shown  sub- 
tracted from  Fo. 

In  P'ig,  33  is  shown  a  polar  diagram  for  finding  the  vector  sum  of  three 
vectors,  Fi.  F2.  and  F3.     The  resultant  of  any  two  vectors  may  first  be 


Fio.  33. 


'Subtracting  vector  Ft  from  F,  by 
topographic  diagram. 


topograph  i< 


<(l:il'r:ttt). 


found  by  completing  tlie  paralKlograni,  and  this  resultant  may  l)e  com- 
bined in  the  same  way  with  the  remaining  vector.  Thus,  in  Fig.  35, 
f  1-2  is  the  resultant  of  vectors  Fi  and  F2.  By  combining  in  the  same 
way  the  resultant  F1.2  with  F3,  the  resultant  of  all  three  vectors,  F,  is 
obtained. 

The  resultant  may  he  obtained  trigonometrically  by  combining  hori- 
zontal and  vertical  components. 
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Horizontal  component  of  Fi  =  OA ; 
Horizontal  component  of  ¥2  =  OB; 
Horizontal  component  of  F3  =  OC  (to  the  left) ; 
Vertical  component  of      F\  =  OD  (down) ; 
Vertical  component  of       F2  =  0E; 
Vertical  component  of       Fs  =  00. 


Fig.  35. — Addition  of  three  vectors  by  polar  diagram. 


It  must  be  noted  that  the  horizontal  component  of  F3,  reaching  out  to 
the  left,  is  negative  with  respect  to  the  other  horizontal  components,  and 
that  the  vertical  component  of  Fi,  reaching  below  the  origin,  is  to  be  con- 
sidered negative.     We  have  then 

Horizontal  component  of  F  =  OH  =  OA-\-OB- OC, 
Vertical  component  of      F  =  OJ  =  OE-\-OG-OD. 


Fig.  36. — Addition,  by  topographic  diagram,  of  same  three  vectors  as  used  in  l'"ig.  35. 


In  Fig.  36  is  shown  the  vector  summation  of  the  same  three  vectors  by 
the  polygon  or  topographic  method. 

In  order  to  indicate  that  the  vector  operation  of  quantities  is  intended 
in  an  equation,  we  shall  use  the  symbols  0  and  ©  to  show  vector  addition 
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and  vector  subtraction,  respectively.  The  operation  indicated  in  Fig.  29 
would  be  indicated  by  the  equation  F  —  Fi®F2;  that  of  Fig.  31  by  the 
(Hjuation  f'  =  f' iGFj;  and  that  of  Fig.  32  by  the  equation  F  =  F2QF\. 

33.  Notation  of  Voltage  Vectors. — Consider  a  coil  of  two  turns,  wound 
on  an  armature  and  rotating  in  a  bipolar  field  of  uniform  density,  as  in 
Fig.  37a.  The  coil,  when  rotating  at  uniform  speed,  will  generate  a 
<ino  wave  of  voltage  of  maximum  value  E^  (section  2),  i.e.,  the  instan- 
taneous value  of  the  voltage,  e,  may  be  represented  by 

e  =  E^«ix\e, (46) 

where  d  =  2T//. 

.\ccording  to  the  conventions  of  trigonometry-,  the  sine  wave  of  voltage 
generated  by  the  coil  must  be  similar  to  that  shown  in  Fig.  37c.     Beginning 


S 
(a)  ^  (6) 

Fig.  37. — If  it  is  assumed  that  a  coil  generates  a  sine  wave  of  voltage,  starting  from 
a  certain  reference  axis,  due  regard  must  be  bad  to  the  direction  of  voltage  in 
the  coil  to  be  called  positive. 

with  zero  time,  the  instantaneous  values  of  the  voltage  generated  must  be 
positive  in  value  during  the  first  180**  of  rotation  of  the  coil,  i.e.,  for  0 
between  0*  and  180" ;  and  negative  in  value  during  the  next  180°  of  rota- 
tion, i.e.,  for  d  between  180"  and  360".  This  must  be  true  for  whatever 
direction  of  rotation  is  assumed  for  the  coil,  and  whatever  polarity  is 
a.ssumed  for  the  field  in  which  the  coil  is  rotating. 

If  it  is  assumed  that  the  coil  is  rotating  in  counter-clockwise  direction, 
that  time  is  reckoned  from  the  instant  when  coil-side  A  is  at  /?,  and  that 
the  direction  of  the  field  is  down,  the  upper  pole  being  north  and  the  lower 
pole  south,  it  will  be  seen  by  the  application  of  Fleming's  right-hand  rule, 
that  in  the  inductors  moving  under  the  north  pole,  the  voltage  induced 
is  in  a  direction  out  of  the  paper  (designated  by  a  dot,  representing  the 
head  end  of  an  arrow) ;  in  the  inductors  moving  under  the  south  pole,  the 
voltage  induced  is  in  a  direction  into  the  paper  (designated  by  a  cross,  rep- 
resenting the  tail  end  of  an  arrow). 
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For  the  instantaneous  position  of  the  coil  shown  in  Fig.  37a,  the  coil 
having  moved  30°  from  its  position  at  zero  time,  the  voltage  is  therefore 
acting  through  the  coil  from  S  to  F,  and  this  value  must  be  that  indicated 
by  the  ordinate  ah  of  the  curve  of  Fig.  37c;  i.e.,  this  voltage  is  positive,  as  it 
evidently  must  be  for  a  value  of  ^  =  30°,  if  the  voltage  is  to  be  represented 
by  Eq.  (46).  Thus,  having  assumed  the  direction  of  rotation  and  polarity 
of  the  field  as  in  Fig.  37a,  and  reckoning  time  from  the  instant  when  coil- 
side  A  is  at  R,  we  are  forced  to  consider  instantaneous  voltages  acting 
through  the  coil  from  S  to  F  b,s  positive ;  it  follows  then  that  instantaneous 
voltages  acting  through  the  coil  from  F  to  *S,  must  be  considered  negative. 

In  order  to  clearly  designate  the  vector  by  which  the  voltage  wave  of 
Fig.  37c  is  generated,  some  convention  must  be  adopted;  we  shall  desig- 
nate this  particular  voltage  vector  by  Emi^sF)-     The  idea  to  be  convoyed 


(SF)/  ^FSor\ 
/projections 
/of  the  vector  \ 

'        Efs 

Zero  time  for 
dotted  curve 


Fui.  38. — From  the  significance  of  voltage  notation  to  be  used  in  this  text  the  voltage 
Efs  must  be  considered  as  leading  the  voltage  Esf  by  180°,  that  is  one  voltage 
is  the  opposite  of  the  other. 


by  the  subscripts  SF  (as  contrasted  to  the  subscripts  FS)  is  that  E^^sf) 
is  that  vector  the  projections  of  which  give  the  sine  wave  whose  positive 
instantaneous  values  act  through  the  coil  in  a  direction  from  S  to  F.  To 
correspond  to  the  instantaneous  position  the  coil  has  in  Fig.  37a,  the  vector 
Em(SF)  must  be  drawn  as  in  Fig.  376;  in  order  that  its  vertical  projection, 
ab,  shall  be  equal  to  the  ordinate  ah  of  the  curve,  it  must  also  have  moved 
through  an  angle  of  30°  from  its  position  at  zero  time. 

In  view  of  what  has  been  stated  above,  let  us  see  what  would  be  sig- 
nified by  the  vector  E„^!!.s).  To  be  consistent  with  the  convention 
adopted  above,  we  must  mean  that  voltage  vector,  the  projections  of  which 
give  a  sine  wave  of  voltage,  the  positive  instantaneous  values  of  which  act 
through  the  coil  in  a  direction  from  F  to  *S.  Now  for  the  position  of  the 
coil  shown  in  Fig.  38a,  the  instantaneous  value  of  the  voltage  generated 
is  acting  from  aS  to  F,  or  in  a  direction  opposite  to  that  now  assumed  as 
positive  for  this  new  vector.  This  instantaneous  negative  voltage,  as 
generated  in  Fig.  38a,  which  was  positive  for  the  vector  E^isnt  is  now  to 
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l)e  conaideretl  nogative  for  tho  new  vector  E^^ys),  ant^  is  represented  in 
Fig.  .'i8c  by  the  negative  ordinate  ab'  of  the  broken-line  curve.  It  follows, 
from  what  wa.**  said  in  the  wcond  paragraph  of  this  section,  that  time  must 
have  l)een  reckoned  from  the  instant  that  coil-side  B  coincided  with  R, 
the  coil  having  moved  through  an  angle  (ISO^+SO")  to  reach  the  position 
shown  in  Fig.  38a.  The  voltage  vector  jB.c^s)  must  also  have  moved 
through  an  angle  of  (I80°+30°)  from  its  position  at  zero  time,  as  in  Fig. 
386.  Its  vertical  projection  is  ab',  corresponding  to  the  negative  ordinate 
ab'  of  the  broken-line  curve  of  Fig.  38c. 

It  is  evident  from  Fig.  38  that  the  voltage  vector  Em(rs)  inust  lie  180° 
from  the  voltage  Vector  £mcs«,  or  that  the  voltage  vector  EmiFS)  >s  the 
same  as  the  voltage  vector  —  ^mcsn-  I"  accordance  with  the  convention 
adopted  for  designating  the  voltage  vectors  E^isn  and  ^»,(^s).  we  may  desig- 


(6)  (c) 

!''1<  an  arrangement  of  coilfl  as  this,  it  is  evident  that  the  voltage  Bsif^t 
muBt  lead  the  voltage  EsiFi  by  30", 


nate  the  full-line  voltage  wave  as  esr  and  the  broken-line  voltage  wave  as 
cys,  meaning  thereby  that  the  positive  instantaneous  values  of  voltage 
act  through  the  coil  from  aS  to  F  and  F  to  S  respectively. 

34.  Voltage  of  a  Group  of  Coils. — Consider  that  a  second  coil  is  placed 
upon  the  armature  of  Fig.  37,  coil  No.  2  being  wound  in  the  same  direction 
as  was  coil  No.  1,  but  placed  on  the  armature  30°  ahead  of  it.  Coil  No.  2 
is  indicated  in  Fig.  39  as  S2F2. 

Now  as  coil  No.  2  is  identical  with  coil  No.  1  (except  for  its  angular 
pasition  on  the  armature  core),  it  must  generate  exactly  the  same  kind  of 
a  voltiige  wave  as  does  coil  No.  1,  that  is,  a  sine  wave.  However,  as  coil 
No.  2  occupies  a  position  on  the  armature  30°  ahead  of  that  occupied  by 
coil  No.  1,  its  cycle  of  voltage  values  must  occur  30°  ahead  of  the  cor- 
responding cycle  of  values  for  coil  No.  1.  The  voltage  of  coil  S2F2  is  thus 
properly  shown  by  the  dashed  curve  of  Fig.  39c.  If  we  reckon  time  as 
zero  when  coil  SiFi  is  generating  no  voltage,  its  coil-side  A  being  at  R  of 


Fig.  40. — Showing  how  the  voltage  of  a  group  of  coils  is  obtained  for  all  positions 
of  the  armature,  by  properly  adding  the  respective  vectors  of  each  coil. 
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Fig.  :i9a,  then  evidently  al  lime  t^O,  coil  No.  2  is  already  generating 
considcraWe  voltage  Ixrause  it«  sides  are  already  cutting  flux. 

-\s  we  have  .shown  tlrnt  sine  waves  niay  l)e  represented  by  rotating 
vectors,  it  follows  that  the  voltage  of  coil  No.  2  niay  Ix*  rcpn'smtcd  by  a 
vector,  and  that  tliis  vector  must  be  in  a  position  '.^0°  ahciul  of  the  vector 
representing  the  voltage  of  coil  No.  1.  This  relative  phase  of  the  two 
vectors  (shown  in  Fig.  396),  is  evidently  required  if  their  projections  on  the 
vertical  axis  are  to  represent  the  voltage  waves  given  in  this  figure. 

We  shall  now  consider  what  voltage  will  be  generated  if  the  two  coils 
are  connectetl  in  series.  In  making  the  connection  of  the  two  coils,  four 
IKJssibilities  e.xLst ;  we  inay  connect  Fi  to  S2,  F2  to  iSi,  Fi  to  F2,  or  Si  to  ^2. 
However,  if  we  want  the  voltage  of  the  two  coils  to  add  up  (this  Ls  the 
reason  several  coils  are  always  connected  in  series  in  armature  windings), 
the  natural  way  to  connect  them  would  be  to  connect  the  end  of  coil 
N'o.  1  (Fi)  to  the  l>eginning  of  coil  No.  2  (52).  This  is  just  what  would  be 
-lone  if  two  similar  centrifugal  water  pumps  were  to  be  connected  in  series 
to  get  a  greater  pressure  than  one  alone  could  produce. 

The  end  of  pump  No. 

i 


\ 


s,P. 


\ 


I  i^its  outlet)  would  be 
connected  to  the  begin- 
ning of  pump  No.  2  (its 
intake);  the  pressure 
generated  by  the  pair 
(difference  in  pressure  of 
intake  of  No.  1  and  out- 
let of  No.  2)  would  Ik? 
the  sum  of  the  pressures 
due  to  each  pump. 

If,  however,  the  out- 
let of  pump  No.  1  were 
connecte<l  to  the  outlet 
of  No.  2,  the  difference 
in  pressure  lx»twe<*n  the 
two  available  water 
o|Hnungs  (intake  of  No.  1 
and  intake  of  No.  2), 
would  be  zero,  that  is, 
the  difference  of  the 
pressures  due  to  the  two 
pumps. 

It  will  be  seen,  then, 
that  the  voltage  of  the 
two  coils,  connected  as  shown  in  Fig.  40  (Fi  to  1S2),  will  be  obtained  by 


Fig.  41. — If  two  eoile,  etxh  of  them  generating  a  sine 
wave  of  voltage,  are  connected  in  series,  the  voltage  of 
the  combination  will  also  In>  a  sine  wave,  somewhat 
less  in  ma|i^itude  than  the  arithmetical  sum  of  the 
two  voltages. 
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adding  at  every  instant  the  voltages  generated  by  each.  This  is  shown  in 
Fig.  41,  the  full  curve  and  the  dotted  curve  being  the  voltages  of  coils  SiFi 
and  S2F2  respectively,  that  is  e^^Fi  and  Cs^Fi-  The  sum  of  these  voltages  is 
shown  by  the  dashed  curve,  which  is  itself  a  sine  curve  of  nearly  twice 
the  amplitude  of  each  of  the  individual  voltages.  Furthermore,  the 
phase  of  this  combined  voltage  is  not  the  same  as  that  of  either  coil,  but 
is  intermediate  between  the  two. 

Instead  of  adding  the  voltage  waves  of  the  two  coils,  we  could  just  as 
well  have  obtained  the  voltage  of  the  combination  by  vector  addition  of 
the  voltage  vectors,  as  is  indicated  in  Fig.  40.  In  part  a  of  this  figure,  the 
two  coils,  connected  in  series,  are  shown  after  coil  No.  1  has  rotated  30° 
from  its  zero  position.  The  vector  OE'rn,  to  represent  its  voltage  at  this 
instant,  is  therefore  properly  shown  30°  (counter-clockwise  rotation)  from 
the  axis  of  reference  OX.  The  voltage  of  coil  No.  2  is  then  shown  in  this 
same  figure  by  vector  OE"m,  30°  ahead  of  OE'm-  The  sum  of  these  two 
vectors  is  shown  at  OEm  and  this  is  the  vector  which  represents  the  volt- 
age of  the  two  coils  in  series. 

The  position  of  this  resultant  vector  is  evidently  ahead  of  OE'm  by  15°, 
as  it  bisects  the  parallelogram  OE"mEmE'm'  In  magnitude  it  is  equal  to 
twice  the  voltage  of  one  coil  multiplied  by  cos  15°. 

If,  therefore,  the  voltage  of  coil  No.  1  is  given  by 

e'  =  E'm  sin  wf , 
that  of  coil  No.  2  is  given  by 

e"  =  E"mSm(o}t-\-ZO°), 
and  that  of  the  two  coils  connected  in  series,  (as  E'm  =  E"m),  is  given  by 
e  =  E'm  (2X  cos  15°)  sin  (a;«+15°) 
=  1.932  E'„.  sin  (a;«+ 15°) (47) 

As  a  check  on  the  accuracy  of  this  expression  for  the  voltage  of  both 
coils  in  series,  let  us  assume  that  each  coil  generates  a  maximum  voltage 
of  ten  volts,  and  consider  the  position  of  the  coils  as  show'n  in  Fig.  40a. 

Here  the  voltage  of  coil  No.  1  is 

e'=  10  sin  30°  =  5.00  volts, 

the  voltage  of  coil  No.  2  (30°  ahead  of  coil  No.  1)  is 

e"=  10  sin  (30°-f30°)  =  10  sin  60°  =  8.66  volts, 

and  the  sum  of  these  two  voltages  must  be  the  voltage  of  bt)th  coils  in 
series,  for  the  instant  shown;  the  voltage  of  both  coils  at  this  instant  is 

8.66+5.00  =  13.66  volts. 
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Acconiin^  i..  1  ;.|.    17  ■  ilu-  voltAgc  of  both  coils  is 

e  =  1.932XlOX8in  (30"*+15"*) 

=  1.932X  lOXsin  45"  =  13.66  volts. 

For  position  r  in  Fig.  40, 

e'=  10  sin  (-15*')=  -2.59  volts, 

^"=108inl5*'        =2.59  volts, 

so  that  the  voltugt'  <>t  lM)th  coils  in  scries  should  be  zero. 
According  to  Eq.  (47), 

e=1.932Xl0siii(-15*'+15*')=0, 
as  shown. 

For  position  »  in  I'ig.  40, 

e'  =  10  sin  75**  =  9.66  volte, 

e"  =  10  sin  105*'  =  9.66  volte, 

fA)  thai  l>oth  coils  in  series  must  he  generating  at  this  instant  19.32  volte. 
According  to  Eq.  (47)  x->^ 

/  \ 

«F,S,/ 

If  we   had   desired  to  i 

get  the  voltage  of  the  two  /   ,''' 

coils  (connected  in   series  \  -       //    / 

as  above),  from  F 
by  vector  construct 
previously    shown,     then  j^\o 
evidently  we  would  have    \^ 
had  to  consider  the  sum  of      \ 
the   vectors    EmiFts,)    and 


<>-1.932Xl0sin(75*'+15*') 
=  19.32  volts. 


\ 


in    series  \ 
F2  to  .S'l,  \ 
uction  as     uT= 


E^ 


ClSi)- 


These  will  Ije  the 


negatives  of  the  vectors 
previously  used,  E'm  and 
E"m,  as  is  shown  in  Fig.  40 
by  the  dotted  vector  con- 
struction. In  each  case  it 
is  apparent  that  Emwtso 
is  the  equal  and  opposite  ^'°-  42.— In  getting  the  voltage  of  the  combination  of 

nt  W  nr  iha*    V  *^''*  ^'jSp  uwtead  of  J?/r,s,  (a«  in  Fig.  41)  the  sum  of 

01  fi-.(s,r,„  or  tnat  ^^ci'^s,,     ^^  ^^^^^  ^^,4^^  ^^  ^^^  ^.^  ^^^  ^  ^^^ 

IS  the  same  as  —  A„(5,^^. 

The  rurv'os  of  these  reversed  voltages  are  sho\\'n  in  Fig.  42. 


Fig.  43. — If  the  coihs  of  Fig.  40  are  connected  in  the  reversed  s(>iis(^  tho  voltage  of 
the  group  is  obtained  by  taking  a  rever.sed  vector  for  the  coil  which  has  been 
reversed,  in  this  case,  coil  2. 
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Now,  suppose  that  instead  of  connecting  tlie  coiU  F\  to  182,  we  had  con- 
nected Fi  to  Fi  a«  in  Fig.  43,  and  so  obtained  S\  and  .S2  for  the  two  ter- 
minals of  the  coil  group.    The  voltage  ««,«,  would  then  be  obtained  at  any 


Vu;.  W. — In  case  one  of  the  coils  is  connected  in  the  reversed  fashion  the  voltage  of 
the  group  is  much  lees  than  it  is  with  the  normal  connection. 

instant  by  adding  the  voltage  generated  in  coil  No.  1  to  that  generated  in 
coil  No.  2  in  the  reverse  sense;  that  is,  we  should  talce  es,jfj  and  add  it 
to  the  voltage  er^.    But,  as  the  latter  is  evidently  the  negative  of 


/▼-^ 


Fig.  45. — The  coil  A-B  is  evidently  45°  ahead  of  the  coil  A'-y,  but  the  coil  B-A  is 

135°  behind  the  coil  X-Y. 


^•V",*  tlie  voltage  c^-^s,  at  any  instant  is  as  shown  by  the  dot-and-dash 
line  of  Fig.  44.  The  sum  of  this  curve  and  the  curve  for  es^F^  gives  the 
(iiushed  curve  for  «.s,.<j,;  the  vector  construction  for  the  voltage  of  the  two 
coils  sf)  connoctetl  is  shouti  in  Fig.  4.'J.     It  is  evident  that  such  a  connect  ion 
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of  coils  would  never  be  used,  because  the  function  of  a  generator  is  to  pro- 
duce voltage,  and  this  scheme  of  connection  gives  actually  less  voltage  for 
the  group  than  for  one  coil  alone. 

The  other  two  possible  connections  between  coils,  that  is,  joining  F2  to 
S\,  or  >Si  to  *S2,  would  give  results  identical  with  those  obtained  above. 

35.  Relative  Voltage  Phases  Fixed  by  Coil  Positions.— To  find  the 
resultant  voltage  across  the  ends  of  a  number  of  coils  in  series,  when  the 
various  voltages  generated  are  not  in  phase,  it  is  necessary  to  know  the 
phase  relationship  of  the  various  voltages,  and  the  order  of  connection  of 
the  coils  in  which  the  voltages  are  generated.  If  we  have  a  view  of  the 
coils  as  actually  wound  on  the  armature,  the  phase  relationship  can  readily 
be  determined.  Thus,  in  Fig.  45,  if  it  is  assumed  that  a  voltage  from  B  to  A 
is  positive,  and  a  voltage  from  F  to  X  also  positive,  then  voltage  BA  will 
lead  the  voltage  YX  by  45°.  This  follows  because  the  coil  BA  goes  through 
its  sequence  of  positions  45°  earher  than  coil  YX.  But  if  the  voltage  BA 
is  again  assumed  as  positive,  and  the  voltage  F  to  X  is  assumed  as  nega- 
tive (that  is,  X  to  F  as  positive),  then  voltage  BA  will  lag  180°— 45°  behind 
the  voltage  XY,  or,  voltage  XY  will  lead  the  voltage  BA  by  135°.  This 
follows  because  the  coil  BA  goes  through  its  sequence  of  positions  135° 
later  than  does  the  coil  XY.  Thus,  as  soon  as  we  have  assumed  the  posi- 
tive direction  of  the  voltages,  their  phase  relationship  fellows  from  the 
position  of  the  coils  on  the  armature. 

36.  Notation  of  Coil  Diagrams. — It  is,  however,  not  necessarj^  to  pic- 
ture the  coils  as  actually  wound 
on  the  armature.  We  may 
represent  the  coils  simply,  as  in 
Fig.  46a,  and  indicate  their 
phase  relationship  by  a  vector 
diagram  as  in   Fig.  466;    the 

EwiTyx)   letter  figure  indicates    clearly 

(a)  i-tx  that   the   voltage  through  the 

„  ^  r    ,       .        ,         ,    •      first  coil,  from  5  to -4,  leads  the 

Fig.    46. — One   way   of   denoting   the   relative        ,,         ,,  ,    ,,  ,      .. 

positions  of  coils  in  an  armature;  the  coil  B-A   ^^^^^^^  ^^^'^^^^  ^^«  ^^^0"^  ^O^^' 
is  45°  ahead  of  the  coil  Y-X,  as  shown  by  ^^^^  ^  to  X,  by  45°. 
diagram  {b).  The  same  ideas  may  be  con- 

veyed, as  in  Fig.  47,  by  indi- 
cating with  arrows  the  direction  assumed  as  positive  for  the  instantaneous 
voltages  of  each  coil,  and  stating  that  coil  No.  1  leads  coil  No.  2  by  45°. 
It  follows  then  that  the  voltage  BA  will  lead  the  voltage  YX  by  45°. 

It  is  to  be  emphasized  that  the  idea  to  be  conveyed  by  the  arrows  in 
Fig.  47  is  the  direction  of  positive  voltage  (instantaneous  value)  through 
each  coil;  theij  are  not  intended  to  indicate  the  direction  of  the  instantaneous 
voltages  in  the  different  coils  at  the  same  instant.     The  arrows  therefore 
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indicate  only  the  direction  of  positive  values  whenever  they  may  occur; 
tlie  phjijit'  nlatiouiihip,  whli'h  indicates  the  time  interval  l)etweon  the  max- 
imum iM)sitivc  values  of  the  different  voltages,  must  l)e  indicated  in  some 
other  way. 

Referring  again  to  the  coils  of  Hg.  39,  we  may  indicate  the  fact  that 


Coil  * 


-B  ^^— Y 

Coil  *1  l«wla  Coil  *2  by  45° 

Fig.  47. 


Coil  ^  2  leads 
Coil  *  1  by  ar 

Fig.  48. 


Ki<;.  47.-  An«)ther  way  of  indicating  the  relative  phase  positions  of  two  coils;  this 
means  that  the  voltage  Eba  goes  through  its  sequence  of  values  45°  ahead  of  the 
voltage  Eyx- 

Ik;.  48. — Such  a  diagram  at  once  permits  the  vector  calculation  of  the  voltage  of  the 
group  of  coils. 

the  voltage  of  coil  No.  2  from  52  to  F2  leads  the  voltage  of  coil  No.  1  from 
Si  to  F\  by  30°,  and  that  *S2  and  F\  are  joined,  as  in  Fig.  48.  From  this 
fi)?ure  we  are  at  once  enabled  to  draw  a  vector  diagram  as  in  Fig.  49a,  to 
indicate  the  phase  relationship  of  the  two  voltages.    One  of  the  vectors 


"•(SjFj) 


E«(SiF,) 


E«i(SjF,) 


(a) 


Em(F2S,r^ 


EmtFtSt) 


Fio.  49. — Showing  how  to  get  the  voltage  of  the  group  of  coils  of  Fig.  48. 

may  be  drawn  wherever  we  please;   the  other  must  then  be  drawn  20" 
ahead  or  30°  behind,  depending  on  which  vector  we  first  selected. 

If  we  desire  the  voltage  «Si  to  F2,  we  find  that  we  must  combine  vectors 
EmiSif,)  a"<^  ^m(s,^,);  the  voltage  Si  to  F2  is  the  vector  sum  of  the  voltages 
SiFi  and  S2F2.    Or  we  may  write  that 

This  operation  is  carried  cut  in  Fig.  496. 
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To  find  the  voltage  F2S1  (Fig.  39),  in  proceeding  through  the  coils,  we 
pass  through  both  coils  in  a  direction  opposite  to  the  arrow  of  each  coil, 
which  indicates  that  we  must  add  the  voltages  E^^p^g^)  (or— E'^k^.j^j,), 
(or  —  £'m(SiF'i))-     Thus  the  voltage  F2S1  is  the  vector  sum  of 


m(FiSi) 


and  E 

the  voltages  —E^iSiF,)  and  —E, 


m(SiFi)' 


Or  we  may  write 


E 


m{F2Si) 


=  ©^m(S2F2)0^ 


m{S2F2)^^m{SiFi)) 


Em(FiSi)  —        Ejn^s^Fi) ' 


This  operation  is  carried  out  in  Fig.  49c 

B 


(       -^wCSiFi))' 


Si ^      Fi 


X  ^  Y 


Fig.  50.  Fig.  51. 

Fig.  50. — Such  a  diagram  indicates  that  the  coil  S2F2  is  30°  ahead  of  SiFy. 
Fig.  51. — This  diagram  indicates  that  Eab  leads  Exy  by  120°. 

It  is  often  convenient  to  indicate  the  phase  relationship  between  the 

voltages  generated  by  coils  on  an 
armature  by  the  relative  position  of 
the  coils  in  the  diagram.  Thus  in  Fig. 
50,  the  coils  are  drawn  making  an 
angle  of  30°  with  each  other.  The 
direction  of  the  arrows  then  indicates 
that  voltage  S2F2  leads  voltage  SiFi 
by  30°,  thus  giving  sufficient  infor- 
mation to  enable  us  to  draw  the  vector 
diagram  of  Fig.  49a.  Similarly,  Fig. 
51  conveys  the  information  that  volt- 
age AB  leads  voltage  XY  by  120°. 

37.  Examples  of  Practical  Coil 
Connections.  Two-phase  Winding. — 
Consider  an  armature  with  two  identi- 
cal coils  placed  90°  from  each  other 
as  in  Fig.  52.     If  it  is  assumed  that  a 

Fig.  52.— In  a  two-phaac  winding  two  voltage  A1A2  is  positive,  and  a  voltage 
cods,  or  group  of  coils,  90°  apart  are  ^^82  is  positive,  it   follows  that  volt- 

age    BiBo     leads    voltage    .4i.l2    })v 

90°.    Had  it  been  assumed  that  voltages  AiA>  and  B2B1  were  positive, 


i'i{\(  IK  \i.  ((»ii.  rowrmoN's.    'nvo-piiASF,  windinc. 


fi") 


then  voltagi?  ili/ig  wouM  It-atl  Ii.>B\  by  iK)°,  The  saim'  inforinution  in  con- 
voye<l  by  Fig.  53,  the  two  parts  of  the  fipm'  eorrespondinR  respectively 
to  the  two  iwssible   assumptions  made   above.     From   the   information 


A,      >.       Aa 


A,       >       A^ 


(a) 


(6) 


B,J 


,  ...    ...,  —The  voltage  ^fl,B,  of    the  diagram  in   Fig.    52    leads  £^,m,  by  90°,  but 

if  we  consider  the  voltage  Eb^Bv  this  lags  90°  behind  J5^,.4j. 

jjiven  in  Fig.  53,  the  corresponding  vector  diagrams  of  Fig.  54  may  at  once 
bo  drawn. 

If  the  two  coils  arc  put  in  series  by  joining  ends  A\  and  B\  as  in  Fig.  55, 
and  the  voltage  B2A2  is  desired,  it  is  necessary  to  add  vectorially  the  volt- 


Ae 


"»(B,B,) 


Em(A,A2) 


(a) 


->»E 


in(A,Aj> 


(&) 


^  'Em(B,8i) 
Fig.  54. — The  vector  diagrams  corresponding  to  Fig.  .53. 

ages  BiBx  and  AiA2\  this  follows  for  either  of  the  assumptions  represented 
in  Fig.  53.  The  proper  vector  construction  is  indicated  in  Fig.  56.  In 
case  we  desire  to  obtain  the  voltage  ^42^2,  the  voltage  A2A\  must  be  added 
to  voltage  B\B2. 

If  there  are  two  actual  coils  on  an  armature,  and  they  are  connected 
in  series  in  a  certain  definite  fashion,  the  resultant  voltage  across  the  free 
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ends  must  have  a  definite  magnitude  and  phase.  Hence,  if  our  method  of 
obtaining  this  resultant  voltage  is  accurate,  it  must  yield  the  same  definite 
voltage,  no  matter  what  assumptions  we  make  as  to  the  positive  and  nega- 


i^uuu- 


Ai     *>     A2 

(a) 


Fig.  55. — The  two  coils  of  Fig.  52  may  be  connected  in  either  of  the  ways  indicated 

here. 

tive  directions  of  voltages  through  the  two  coils.  Thus,  in  Fig.  55  we  have 
assumed  in  one  case  the  voltage  acting  through  coil  B  as  positive  from 
Bi  to  B2,  and,  as  shown  in  Fig.  56a,  the  voltage  ^2-42  is  45°  behind  A1A2. 
In  Fig.  556  the  coils  are  shown  connected  in  the  same  way  as  before,  but  the 


E»t(A2B2) 


"1(8,82) 


^(AiA^) 


OT(B2A2) 


Em(82B,)  Em(B2A2) 


Fig.  56. — The  vector  diagrams  of  voltage  for  the  two  schemes  of  connection  shown 

in  Fig.  55. 

voltage  through  coil  B  is  assumed  as  positive  from  B2  to  Bi,  that  is,  oppo- 
site to  what  it  was  for  the  previous  case.  The  resultant  voltage  Bo  A  2  is 
shown  in  Fig.  566  to  be  just  the  same  voltage  as  in  Fig.  56o,  again  lagging 
45°  behind  the  reference  voltage  A1A2. 
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If  the  two  coils  art*  put  in  sorics  by  joining  ends  A  \  and  li-jt  as  in  Fig.  57, 
the  voltage  B\A-2  will  1k'  the  vector  sum  of  the  voltages  BxB-z  and  AxAz  as 
is  indicated  in  Fig.  58,  Similarly,  the  voltage  A2B\  will  be  the  vector  sum 
of  the  voltages  A2A\  and  B^Bx. 


(«) 


Fig.  57. — Indicating  how  another  connection  than  that  shown  in  Fig.  55  may  be  used. 


The  other  two  possible  connections  of  the  coils,  that  is,  joining  ^42  to  B2, 
or  B\  io  A2,  will  give  the  same  results  as  those  considered  above. 

Two  important  conclusions  are  to  be  drawn  from  the  above  considera- 
tion.    Whenever  two  identical  coils,  placed  90°  apart  on  an  annature, 


i 


Em(B,A,) 


(a) 


/ 


/ 


/ 


/ 
/ 

E«(A2B,) 


Em(AxAa) 


EiM(B,A,) 


Ejn(AiA^ 


VEm(B,B,) 


E«»(A,Bi> 


Fig.  68. — The  vector  diagrams  for  Fig.  57;  the  group  voltage  is  now  90°  from  what 

it  was  in  p'ig.  56. 

are  joined  in  any  order  whatever,  the  resultant  voltage  across  the  open 
ends  is  the  same  in  magnitude.  If  the  maximum  value  of  the  voltage  of 
each  coil  is  £„,  the  maximum  value  of  the  combination  is 


^. 


E^ 


cos 45**    0.707 


=  1.414£:«, 
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IZ 


a    a    a     Q 


z 


Zl 


A  B  A  B 
Fig.  59. — A  two-phase  ma- 
chine is  fitted  with  leads 
as  shown,  no  polarities 
being  indicated,  so  if  the 
coils  are  connected  to- 
gether either  of  the  con- 
ditions of  the  preceding 
four  figures  may  be  en- 
countered. 


as  may  be  seen  from  Figs.  56  and  58.  If  the  connection  of  one  coil  with 
respect  to  the  other  is  reversed,  the  resultant  voltage  has  the  same  magni- 
tude but  shifts  its  phase  by  90°.  Thus,  in  Fig.  55,  end  Bi  was  joined  to 
end  Ai,  and  the  resultant  group  voltage  was  found  (Fig.  56)  to  lie  either 
in  the  second  or  the  fourth  quadrant.  When  end  B2  was  connected  to 
end  Ai,  as  in  Fig.  57,  the  resultant  group  voltage  was  found  either  in  the 

first  or  the  third  quadrant  (Fig.  58). 

An  alternator  which  has  the  coils  on  its  arma- 
ture so  arranged  as  to  give  two  equal  voltages  90° 
apart,  is  called  a  quurter-phase,  or  a  two-phase 
alternator.  Obviously  the  two-phase  alternator 
represented  in  Fig.  52  would  generate  but  a  few 
volts;  in  order  to  generate  voltages  as  high  as 
15,000  volts,  which  may  be  required  in  com- 
mercial machines,  two-phase  alternators  must 
have  many  coils,  each  coil  consisting  of  many 
turns,  on  their  armatures.  The  group  of  coils 
which  generates  one  of  the  voltages  is  spoken 
of  as  one  of  the  phases  of  the  machine,  and  the 
group  of  coils  which  generates  the  other  voltage, 
90°  away  in  phase  from  the  first,  would  be  called 
the  other  phase  of  the  alternator.  In  practice 
the  two  phases  of  a  two-phase  alternator  are  nearly  alwaj's  electrically 
separate  within  the  machine,  the  four  ends  of  the  two  phases  coming  out 
through  the  frame  as  in  Fig.  59.  The  terminals  of  the  coils  as  they 
come  from  the  machine  are  usually  so  marked  that  ends  of  different 
phases  may  be  distinguished;  thus  in  Fig.  59  terminals  A  A  are  ends  of 
the  one  phase,  and  terminals  BB  are  the  ends  of  the  other  phase. 

In  actually  carrying  out  connections  of  the  two  phases  of  an  alternator 
as  in  Fig.  59,  unless  definite  information  is  available  as  to  the  order  in 
which  the  coils  have  been  wound  and  placed  on  the  armature,  we  shall  not 
know,  with  a  given  connection,  which  of  the  cases  indicated  in  Figs.  55 
and  56  we  have.  The  conclusions  mentioned  on  page  67  will,  however, 
always  be  true. 

38.  Reversing  Direction  of  Rotation  of  Armature. — It  is  to  be  noted 
that,  if  the  direction  of  rotation  of  the  armature  of  Fig.  52  be  reversed,  the 
voltage  A1A2  will  lead  voltage  B1B2  by  90°,  whereas  with  the  counter- 
clockwise rotation  as  supposed  in  Fig.  52,  the  voltage  B1B2  leads 
voltage  A1A2  by  90°.  Thus,  reversing  the  direction  of  rotation 
reverses  the  phase  rotation,  or  order  in  which  the  phases  generate  their 
positive  values. 

With  ends  Ai  and  Bi  joined  and  clockwise  rotation  of  the  armature  of 
Fig.  52,  conditions  are  as  indicated  in  Fig.  60,  in  which  counter-clockwise 
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rotation  of  the  veot4)rs  is  iuv«<um«'<l,  </^       tin   lonvention  far  all   vector  dia- 
grams, no  matter  what  the  direction   <</  nnunturr  rotation.     The  voltage 


^"*(Bj*2) 


£m(A,A^ 


/l J  E"  (B,BJ 

Em(A2&2) 

Fic.  60. — If  the  direction  of  rotation  of  a  two-phase  machine  is  reversed,  the  same 
change  in  vector  relations  occurs  as  when  the  connection  of  one  coil  to  the  other 
is  rcvprsotl,  rotation  being  the  same. 


B2A2  is  then  the  vector  sum  of  the  voltages  Ba^i  and  A\A2,  and  is  found 
to  be  in  the  first  quadrant.  This  voltage  ^2-4 2  leads  the  voltage  A\A2  by 
45",  whereas  with  counter- 
clockwise rotation  of  the 
armature  this  same  voltage 
lagged  behind  the  vclt.age 
-4 1^42  (Fig.  56).  This  same 
shift  in  phase  of  90"  oc- 
curred from  Fig.  55  to  57, 
in  which  the  order  of  con- 
nection of  coil  B  to  coil  A 
was  reversed.  Thus  revers- 
ing the  direction  of  rotation 
of  the  armature  of  an  alter- 
nator produces  similar  results 
to  reversing  the  connections 
of  one  phase  with  respect  to 
the  other,  as  may  be  seen  by 
comparing  Figs.  56  and  5S 
with  Fir.  60. 

39.  Three-phase    Coil 

Connections.      Y  -  connec- 

..  /-.       -J  F'o-  61. — A  three-phase  armature  winding. 

tion. — Consider    an    arma-  * 

ture  upon  which  three  coils  have  been  placed,  as  m  Fig.  61.     If  we  assume 

that  voltages  through  the  coils  from  B  to  A,  from  P  to  Q  and  from  T  to  R 
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are  to  be  considered  as  positive,  we  see  that  coil  BA  will  lead  coil  PQ  by 
60°,  and  the  latter  in  turn  will  lead  coil  TR  by  60°.  The  voltage  waves 
Cba,  epQ  and  eru,  generated  by  the  coils,  will  bear  the  same  relations  to  each 


nt{BA) 


-r»(TR) 


7»(PQ) 


(a) 


Fig.  62. — Taking  the  coils  in  the  sequence  indicated  by  the  subscripts  of  diagram  (a) 

the  three  coils  are  60°  apart. 

other,  as  represented  in  Fig.  626,  being  produced  by  the  rotating  vectors 
Em(BA),  EmiPQ),  and  Em^^TH),  rcspcctively,  of  Fig.  62a.  We  may  say  then  that 
the  coils  BA,  PQ,  and  TR  have  been  wound  upon  the  armature  60°  apart. 
However,  if  we  assume  that  voltages  5  to  yl,  and  T  to  2?  are  positive 
as  before,  but  now  consider  that  voltage  Q  to  P  is  positive,  we  see  that  coil 


«(QPl 


-w(BA) 


-wt(TR) 


(a) 


Fig.  63. — By  considering  coil  Q-P  instead  of  coil  P-Q,  the  60°  voltage  diagram  of  Fig. 
62  is  charged  to  a  120°  diagram  as  indicated  here.  This  is  the  proper  phase 
relation  for  a  three-phase  alternator. 


BA  leads  coil  TR  by  120°,  and  that  coil  TR  leads  coil  QP  by  120°.  The 
voltage  waves,  Cba,  Ctr,  and  Cqp  are  then  120°  apart  and  may  be  represented 
as  in  Fig.  636,  being  j)roduced  by  the  rotating  vectors  E^^ba)}  Em{TR),  and 
Emiop),  respectively,  of  Fig.  63a. 
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A  three-pfuuie  alternator  is  one  that  generate*  three  equal  voltages  120*' 


-^MymT — 


Si 


F. 


Fig.  64.  Fig.  65. 

Fio.  64. — Indicating  the   proper  sequence  of  winding  the  coils   on   a   three-phase 

machine,  S  denoting  the  start  of  a  coil. 
Fni.  65. — A  conunon  method  of  indicating  three  coils  120°  apart  in  phase. 

apart.     It  is  evident  from  the  above  that  in  winding  a  simple  three-phase 
bipolar  alternator  with  but  three 


coiLs,  one  coil  would  be  wound  in 
a  certain  order,  the  armature  then 
rotated  120°  and  the  second  coil 
wf>und  in  exactly  the  same  order 
:us  the  first  coil.  The  armature 
would  then  be  rotated  120**  further 
and  the  third  coil  wound  in  the 
same  order  as  were  the  first  and 
second.  With  all  three  coils  wound 
the  same   order,  the   starting 


m 

ends  of  the  three  coils  would  l)o 
120"*  apart  mechanically,  and  the 
fini.sh  ends  as  well.  The  starting 
ends  of  the  three  pha.ses  might 
then  be  designated  »Si,  S>2,  and  .S'a, 
and  their  finish  ends  as  V\,  F2,  and 
F3,  as  shown  in  either  of  the 
methods  used  in  Figs.  64  and  60 ; 


Ft<;.  Trf',. — One  way  of  inter-connecting  the 
I  oils  of  a  three-phase  machine. 
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in  these  diagrams  phase  No.  1  leads  phase  No.  2  by  120°,  and  phase 
No.  2  leads  phase  No.  3  by  120°. 

In  actual  machines,  the  three  coils,  placed  120°  apart  on  the  arma- 
ture as  in  Fig.  64,  are  generally  interconnected,  and  this  may  be  done  in 
either  one  of  two  schemes  both  of  which  will  give  a  symmetrical  arrange- 
ment. In  one  such  scheme,  the  three  starting  ends  of  the  coils  (Si,  S2,  S3), 
are  joined  together  and  the  three  finish  ends  used  as  terminals  of  the 
machine,  or,  the  three  finish  ends  (Fi,  F2,  F3)  are  joined  together  and  the 
three  beginning  ends  used  as  the  machine  terminals.  In  Fig.  66,  ends  Si, 
S2  and  S3  have  been  joined;  the  same  fact  is  indicated  by  each  of  the  two 
parts  of  Fig.  67. 

From  the  similarity  of  its  coil  arrangement  (Fig.  676)  to  the  letter  Y, 


Es^Fjeads  Es2F2byl20" 
ES2F4  leads  Eg^Fjj  by  120° 

(a) 

Fig.  67. — Two  methods   of   showing   that  the  coils  of  a  three-phase   machine  have 
been  inter-connected  as  shown  in  Fig.  66. 


'uwm' — 

S,    ^       Fi 


(6) 


this  method  of  connecting  three  coils  placed  120°  apart  on  an  armature  is 
called  the  three-phase  Y-(or  wye)  connection;  it  is  also  known  as  the  star 
connection. 

The  voltages  across  the  open  ends  of  the  three  coils  connected  as  in 
Fig.  67,  are  then  Em(F,Fz),  ^miFiF^),  and  E„,^f^Fi),  and  by  inspection  of 
Fig.  67  we  may  write 


^m(FiFi)  —  -^mCf  ,Si) 


E, 


'm(Sjfi)} 


®E„ 

m(F3Fi)  —  EmiFtSa  ©  -^mCSifj)* 
m{F2F0  —  ^m(F2Sj)  ® -^mCSiFi)* 


In  Fig.  68  these  additions  have  been  carried  out  and  it  will  be  seen  that 
E„^F,F^)  leads  £m(f,j^.)  by  120°,  and  that  Em(FiFx)  in  turn  leads  ^^(f,,.^  by 
120°,  and  that  all  three  voltages  are  equal.     With  its  three  coils  thus  sym- 


TURLi^l'ii.ViL  COIL  CX)NNECnON.S.     V-CONNECTION 


73 


metrically  connected,  the  alternator  delivers  three  equal  voltages  120® 
aiiart,  which  is  the  condition  that  a  three-phase  alternator  must  fulfill. 

In  practice,  a  three-phase  alternator  generally  has  the  connections 
between  its  phases  made  inside  it.s  frame.  If  it  is  Y-connected,  leads 
connected  to  the  open  ends  of  its  coils  are  brought  out  and  the  load  for  the 
alternator  is  connected  to  them.  The  voltages  between  the  open  ends  of 
the  coils  are  called  the  line  voltages  of  the  alternator;  the  voltages  generated 
by  the  three  individual  phases,  i.e.,  the  voltages  SiFi,  S2F2,  S3F3,  are 
-|X)ken  of  as  the  phase  voltages  of  the  alternator. 

The  numerical  relation  between  the  phase  and  line  voltages  of  a  three- 


Isi&fal— 


iFjtfi) 


Fig.  b 


•r  diagram  of  the  voltages  between  terminul»  of  the  winding  of  Fig.  (>7. 


phase,  Y-connected  alternator  may  Ixj  derived  from  Fig.  68.  It  is  evident 
that  vector  E^^y^^  bisects  the  angle  between  Etus^a  and  E^^f^^,  so  that 
Emir^t>  =  2  X  OX.    We  have  then, 

EmiFtr^  =  2  X  OX  =  2  X  E^^r^^  X  cos  30* 

=  2XE^^y^^X0.SG6  =  2xE^^r^^XhV^ 

=  1.732  £^«(jr»si)' 

The  maximum  value  of  the  line  voltage  is  equal  to  the  maximum  value 
of  the  phase  voltage  multiplied  by  1.732,  provided,  of  course,  that  all  three 
phases  voltages  are  equal.    We  may  also  express  the  relation  above  as 


^.=  1.732e«, 
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(a) 


-^IWMW 

Si         ^        Ft 


ib) 


'^mm^ 


(c) 

Fig.  69. — An  incorrect  connection  of  the  three  coils  of  a  three-phase  machine. 


r  ^'n(F2Fij 

Em  {F^sj _rr^-^-^ 


"»(SiFi) 


dS^S)        '"•''''' 


Fi(J.  70. — Showing  the  dissymmetrical  voltage  diagram  resulting  from  the  incorrect 

connection  of  Fig.  09. 
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where  i?«  =  maximum  value  of  line  voltajj;e, 
f«  =  niaximum  value  oi  phanc  voltage. 

Since  the  effective  value  of  a  sine  wave  is  equal  to  0.707  of  the  maximum 
value,  we  may  write 

J?=1.732e  =  V3e,  .     (48)  ^ 

where  J? = effective  value  of  line 
volts, 
c= effective     value     of 
phase  volts. 

40.  Incorrect  Connections. 
—  In  connecting  the  coils  of  a  — 
three-phase  alternator,  it  is 
possible  to  make  an  incorrect 
connection.  Suppose  that  in 
connecting  the  three  coils  of 
Figs.  67,  phase  No.  3  was 
picked  up  in  reverse  order;  i.e., 
instead  of  joining  end  S3  to  Si 
and  S2,  we  made  a  mistake  and 
connected  F3  to  Si  and  S2,  as  in 
Fig.  69. 

The    line    voltages    would 
then  be 


Fia.  71. — Another  method  of  inter-connecting  the 
coils  of  a  three-phase  machine;  the  terminals 
A,  B,  and  C  connect  to  the  load. 


and  we  may  write 


^m(FtFt)  =  EmlFtfh)  ®  ^m(SiFi)' 


Fia.  72.— Two  wa>'8  of  indicating  the  connection  scheme  of  Fig.  71. 
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These  vector  additions  have  been  carried  out  in  Fig.  70;  it  will  be  seen 
that  the  three  line  voltages  are  neither  equal  nor  120°  apart.  The  machine 
with  its  coils  connected  incorrectly  is  therefore  not  a  normal  three-phase 

alternator.  The  improper  connection  of  the 
phases  as  shown  in  Fig.  69,  is  sometimes 
called  an  unsymmetrical  Y-connection. 

41.  Delta-connection.  —  In  the  other 
scheme  for  connecting  the  three  phases  of  a 
three-phase  alternator,  the  three  phases  are 
placed  in  series  as  in  Fig.  71,  by  joining  ends 
Si  to  F2,  S2  to  F3,  and  S3  to  Fu 

In  Fig.  72  this  connection  is  indicated 
diagrammatically.  It  will  be  seen  that  part 
b  of  this  figure  is  in  effect  a  polygon  or  topo- 
graphic vector  diagram,  and  from  its  similarity 
to  the  Greek  letter  A  (delta),  this  method  of 
connecting  the  three  phases  is  known  as  the 
delta-connection;   it  is  also  sometimes  known  as  a  mesh-connection. 

Inasmuch  as  an  armature  winding,  when  A-connected,  closes  on  itself, 
it  is  evident  that  there  must  not  be  any  resultant  voltage  within  the  closed 


Fig.  73. — Before  the  delta  con- 
nection is  completed,  test  for 
voltage  across  the  open  ends 
S1-F2  should  be  made. 


nEw(S,Fs) 


Em(SiFi) 


/i-TOCSiFs) 
\//AEm(S3F,) 


-7«(SiF,) 


® 


EmCS/g) 

Fui.  74. — Showing  why  the  voltage  across  the  open  ends  Si-Ft  of  Fig.  7.'J  is  zero  if 
the  coils  have  been  properly  interconnected. 


circuit,  i.e.,  the  resultant  of  all  the  voltages  throughout  the  circuit  nuist 
be  zero.  If  this  is  not  the  case,  a  large  current  will  circulate  within  the 
delta,  and  damage  the  alternator  within  a  very  short  time. 

In  making  such  a  A-connection  it  is  therefore  advisable  to  leave  cne 
of  the  connections  open  until  proper  tests  have  been  made,     (^onsider  then 
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that  the  connection  SiF*  has  l)ecn  left  open,  as  in  Fig.  73.  If  any 
resultant  voltage  exists  within  the  delta,  it  will  apiH*ar  across  the  ends 
jSi  and  F2. 

The  voltage  S1F2  will  l)e  the  vector  sum  of  voltages  .S'lA'i,  S-aF-.u  and 
S2F2.  In  carr>'ing  out  this 
construction  we  first  get  the 
voltage  of  coils  No.  1  and  No. 
:i  in  series,  as  shown  in  Fig. 
74a;  this  is  the  voltage  SiFs. 
We  must  now  add  to  this  re- 
sultant, the  voltage  of  coil 
No.  2  (given  in  Fig.  74a  as 
/?ipi(.s,r,)).  and  evidently  the 
sum  of  E^^s^rii  »«<!  £«(s,r,)  >8 
/(TO.  The  topographic  dia- 
gram of  Fig.  746  indicates  at 
once  that  the  resultant  volt- 
age within  the  delta  is  zero.  If  the  resultant  voltage  a»  loss  ends  Si 
and  F2  is  zero,  they  may  be  joined  as  in  Fig.  726,  and  no  current  will 
circulate  within  the  delta. 

If  leads  are  brought  out  from  the  comers  of  the  delta  (marked  A,  B, 
and  0,  as  in  Figs.  71  and  75,  there  will  be,  across  these  three  lines,  three 
equal  voltages  120**  apart.  It  will  be  seen  from  Fig.  75  that  the  voltage 
impressed  between  lines  A  and  B,  that  is,  E^iba),  is  that  of  phase  No.  1, 
or  E^^s^r^).  The  other  two  phases  are,  however,  also  acting  between  these 
two  lines,  so  that  we  may  say  that  J5m(B^)is  equal  to  the  vector  sum  of  E^^y^sa 
and  E^^f^sii-    That  is. 


Fia.  75. 


-Showing  how  the  dclta-coniu-ctcd  arniu- 
ture  is  connected  to  its  load. 


Em(BA)  —  E^(SiFx)  —  ■^w(|P^Si)©-^«(r»S»)' 


In  a  similar  wav  it  can  he  soon  that 


and 


These  relations  arc  further  brought  out  l»y  tlie  construction  of 
Fig.  7G. 

From  Fig.  76  we  see  that,  for  the  A-connection,  phase  and  line  voltages 
are  numerically  equal,  i.e., 

and 

£  =  <•, (49) 
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Where  Em  =  maximum  value  of  line  voltage, 
em  =  maximum  value  of  phase  voltage, 
E  =  effective  value  of  line  voltage, 
e  =  effective  value  of  phase  voltage. 


(liFi) 


■.m  (S2F2) \^m  (F3S3) 

Eot(CB) 


Fig.  77. 


Fig.  76. 
Fig.  76. — In  a  delta-connected  armature  the  line  voltages  are  the  same  as  the  phase 

voltages. 
Fig.  77. — If  only  two  phases  are  used,  a  so-called  open-delta  winding  results. 


-rtiCFsSa) 


Fig.  78. 


"HSiFO 


Fig.  79. 


Fig.  78. — With  the  connection  of  Fig.  77,  the  line  voltages  are  the  same  as  though 

all  three  phases  were  used. 
Fig.  79. — An  incorrect  delta-connection;  the  last  coil  has  been  connected  to  the  others 

in  reversed  phase. 


42.  Open-delta,  or  V-connection. — If  one  of  the  phases  of  the 
A-connected  alternator  of  Fig.  71  were  disconnected,  the  machine  would 
still  be  able  to  deliver  three  voltages  120°  apart.  Consider  that  only  two 
phases,  S\F\  and  <S3F3,  are  in  use,  ends  *Si  and  F2  being  still  connected  as  in 
Fig.  77,  and  leads  A,  B,  C,  being  brought  out  as  before. 

Voltages  Em{BA)  and  Em^Ao  would,  as  in  the  A-connection,  be  the  same 
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na  voltages  £^«<.s,ri)  and  £«(,,r^  respectively;  voltage  ^«,(r»),  however, 
would  be  the  vector  sum  of  E^ir^sa  and  fi|»(A.,.«f,).  This  construction  is  car- 
ried out  in  Fig.  78  and  indicates  that  the  three  line  voltages  are  still  equal 
nn«l  120*  apart. 

1  'rora  the  similarity  of  its  coil  connection  to  the  letter  V,  this  connec- 
tion is  known  as  a  V-connection;  it  is  also  known  as  an  open  delta-amnec- 
f'on.    It  is  never  used  in  alternators,  but  is  occasionally  used  in  conncct- 

I  ig  up  transformers.     .\11  that  we  have  said  regarding  A-  and  Y-connections 

>{  the  coils  of  alternators  applies  equally  well  to  transformers,  as  we  shall 

•  o  later. 

43.  Incorrect  A-connection. — If  a  mistake  is  made  in  connecting  the 
three  phases  of  an  alternator  in  delta,  and  the  error  is  not  discovered  ])ofore 
the  machine  is  operated,  the  machine  is  likely  to  be  damaged.  Consider 
that  in  joining  the  phases  we  connected  ends  Fi  to  S3,  F3  to  F2,  i.e.,  in  con- 
necting the  phases  in  series,  we  joined  phase  No.  2  in  reverse  order,  as  in 
Fig.  79.    The  connection  8182  is  to  be  left 

open   until  proper   voltage  tests  have   been  "(SiSi); 

made. 

The  voltage  S1F3  is,  as  Ixjfore,  the  vector 

am  of  the  voltages  SiFi  and  JS3F3  (Fig.  80). 

rhe  voltage  across  the  open  ends,  -B„(s,si)>  will     ^l^i^i'i) -VE«(s,f,) 

then  be  the  vector  sum  of  voltages  S1F3  and      ^  ^  ^  "•(''iSj 

F2S2.  These  voltages  are,  however,  equal  and 
in  phase:  their  vector  sum,  the  voltage  E^^s^s^J 
will  therefore  be  the  arithmetic  sum  of  E^^f,^J^^ 


and    E 


lIl(F^SJ)• 


Thus,   if   each   phase   of  the 


■'"(SjFi) 


alternator  generated  100  volts,  the  voltage 
arrf)s«5  the  open  ends,  <Si  and  S2  would  be  200 
\  I  lit  -.  If  the  ends  Si  and  S2  were  to  be  joined, 
he  resultant  voltage  of  200  volts  would  cause 
;i  current  to  circulate  within  the  delta,  which, 
l)ecause  the  impedances  of  the  phases  are 
-mall,  would  be  so  large  that  the  machine 
winding  would  soon  be  burned  out. 

It  is  therefore  always  advisable,  before  closing  a  A-connection,  to  read 
the  voltage  across  the  open  ends  with  a  voltmeter;  if  the  connection  is 
incorrect,  the  voltmeter  will  have  a  reading  greater  than  the  voltage  per 
plia-f.  If  t  he  connection  has  been  correctly  carried  out,  the  voltmeter  will 
read  nearly  zero. 


Fig.  80.— The  voltage  rela- 
tions for  the  incorrect  con- 
nection of  Fig.  79. 
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PROBLEMS 

1.  A  steamer  makes  a  speed  of  16  miles  per  hour  heading  northeast,  while 
in  an  ocean  current  of  4|  miles  per  hour  velocity  in  a  direction  due  south.  What 
is  the  actual  velocity  of  the  steamer?  How  fast  is  it  moving  north  and  how  fast 
east? 

2.  Answer  the  same  question  if  the  steamer,  heading  in  the  same  direction 
as  before,  reverses  her  prop)ellers  and  gains  a  backward  velocity  of  6  miles  per  hour. 

3.  If,  in  Prob.  1,  the  captain  is  walking  towards  the  left  side  of  the  bridge 
with  a  velocity  of  3  miles  per  hour,  what  is  his  actual  velocity?  How  fast  is  he 
moving  north,  and  how  fast  east? 

4.  The  coil  of  an  armature  generates  a  sine  wave  voltage  of  maximum  value 
16  volts.  Three  such  coils  15  electrical  degrees  apart  are  connected  in  series. 
What  will  a  voltmeter  read,  connected  across  the  terminals  of  the  group?  The 
center  one  of  the  three  coils  is  connected  in  backward;  what  will  the  voltmeter 
read? 

5.  There  are  two  groups  of  coils  on  an  armature,  the  groups  being  90°  apart. 
Each  group  of  coils  consists  of  4  coils,  22|°  apart.  The  maximum  voltage 
generated  by  one  coil  is  18  volts.  What  will  a  voltmeter  read  if  connected  across 
the  terminals  of  one  group?  What  will  be  the  maximum  voltage  of  the  winding, 
if  the  two  groups  are  connected  in  series? 

6.  A  two-pole,  three-phase  alternator  has  three  coils  per  phase,  the  coils 
being  20°  apart.  Each  coil  generates  a  voltage  of  10  volts  (effective).  What  is 
the  voltage  of  one  phase?  If  the  armature  is  Y-connected,  what  will  be  the  line 
voltage? 

7.  In  Prob.  6,  phase  No.  1  leads  phase  No.  2,  which  leads  phase  No.  3.  The 
center  coil  of  phase  No.  1  has  been  connected  in  reversed.  Answer  the  same 
questions  as  for  Prob.  6. 

8.  If  the  machine  of  Prob.  6  is  delta-connected,  what  will  be  the  line  voltage? 
If  that  of  Prob.  7  is  tested  for  voltage  before  making  the  last  connection  in  the 
delta  arrangement,  what  will  the  voltmeter  read? 

9.  If  the  machine  of  Prob.  6  has  had  two  groups  of  coils  connected  in  series 
(preparing  to  make  the  delta  connection),  what  might  the  voltmeter  read  across 
the  ends  of  the  two  groups  in  series? 

10.  If,  in  Prob.  6,  two  of  the  phases  have  been  connected  to  make  the  Y-con- 
ncction,  what  might  the  voltmeter  across  the  terminals  of  the  winding  read? 

11.  If,  in  makmg  the  delta  connection  for  the  machine  of  Prob.  6,  the  first 
two  connections  are  made  haphazard,  what  values  of  voltage  might  be  read  across 
the  open  points  of  the  delta? 

12.  Voltage  ^i_2  is  90°  away  from  voltage  £'3-4  and  the  two  coils  are  connected 
in  series.     Where  is  the  voltage  Ei^  with  respect  to  the  voltage  /!^,_2? 

13.  There  are  24  coils  on  the  armature  of  a  4-ix)le,  three-phase  alternator. 
Each  coil  generates  a  maximum  voltage  of  100  volts.  If  the  machine  is  Y-con- 
nected, what  will  be  the  line  voltage? 


CHAPTER  III 
THE  SINGLE-PHASE  CIRCUIT 

44.  Inductive  Circuits. — In  order  that  a  circuit  may  possess  self- 
iiuluctancc,  or  Ix'  iiKluctivo,  it  must  \)o  capable  of  setting  up  flux  inter- 
linkages;  for  the  inductance  to  be  appreciable,  the  circuit  must  be  wound 
as  a  ceil  or  l)e  composed  of  loops  of  wire.  We  have  seen  that  the  self- 
inductance  of  a  circuit  may  be  expressed  as  in  Eq.  (29), 

^-         I         ' 

which  indicates  that  the  self-inductance  of  a  circuit  varies  directly  as  the 
luarc  of  the  number  of  turns,  as  the  permeability  of  the  medium,  con- 
aiituting  the  magnetic  path,  as  the  area  of  the  magnetic  path,  and 
inversely  as  the  length  of  the  magnetic  path 

The  unit  of  self-inductance  is  the  henry;  it  may  be  defined  in  two  wa>s. 
^Ve  may  say  that  a  circuit  has  unit  self-inductance  when  a  rate  of  change 

one  ampere  per  second  induces  a  counter  voltage  of  one  volt.  Or, 
wo  may  say  that  a  circuit  possesses  self-inductance  of  one  henrj'  if  one 
ampere  flowing  through  the  circuit  is  capable  of  setting  up  10*  flux  inter- 
linkages. 

It  is  often  convenient  to  express  the  inductance  of  coils  in  subdivisions 
of  the  henr>' ;  the  subdivisions  used  are  the  millihenrj',  or  one-thousandth 
of  a  henry,  and  the  microhenry,  or  one  millionth  part  of  a  henry. 

The  fact  that  inductive  circuits  must  be  made  of  coils  of  wire  at  once 
indicates  that  "a  circuit  containing  only  inductance"  is  a  hypothetical  one. 
1 ! very  inductive  circuit  must  evidently  possess  some  resistance. 

45.  Examples  of  Inductive  Circuits. — An  example  of  the  simplest 
<■  >nn  (jf  inductance  of  commercial  importance  is  the  single-layer  solenoid, 

type  of  coil  extensively  used  in  radio  receiving  sets.     Fig.  81  shows  such  a 

H  ha\ing  an  inductance  of  1100  microhenries;  the  low  value  of  induct- 

•ice  of  the  coil  is  primarily  due  to  the  few  turns  used,  also,  of  course, 

'  its  comparatively'  small  size  and  the  absence  of  an  iron  core. 

An  air-core  coil  of  0.628  henr>'  is  showTi  in  Fig.  82.     It  can  Ijc  seen  from 

tlie  cut  that  there  are  many  turns  in  this  coil  and  that  its  diameter  is  much 

greater  than  that  of  Fig.  81.    This  coil  has  a  resistance  (by  contmuous- 

81 
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current  measurement)  of  10.5  ohms,  so  that  its  time  constant  is  about  O.OG 
second.    Seventy-five  pounds  of  copper  wire  were  required  to  make  it. 


Fig.  81.  Fig.  S2. 

Fig,  81. — ^A  single-layer  solenoid,  having  130  turns  of  No.  18  wire;  it  has  about  1100 

microhenries  of  inductance. 
Fig.  82. — A  large  air-core  coil  having  30  layers  with  50  turns  per  layer;   it  weighs  7 

pounds,  has  a  continuous-current  resistance  of  about  10  ohms  and  inductance 

of  0.0628  henry 


MANY  TURNS  OF 

FINE  wire: 


IPON  CORES 


Fig.  83.  Fig.  84. 

Fig.  83. — The  magnets  of  a  telephone  receiver  are  wound  with  thousands  of  turns 

of  No.  40  enameled  wire;   the  inductance  of  a  pair  of  magnets  as  shown  here  is 

about  one  henry. 
Fig.  84. — By  using  many  turns  of  fine  wire  and  a  magnetic  circuit  consisting  entirely 

of  iron  the  inductance  may  be  made  large;  the  coil  has  an  inductance  of  16  henries. 

In  Fig.  83  are  shown  the  two  small  coils  of  a  "  watch-case  "  telephone 
receiver,  such  as  is  used  in  the  ordinary  head  set.     Although  these  coils 


KXANfIM,R<J  OF  TNnrrTTVK   TTRrrTTS 


83 


arc  vm'  small,  thek  inductaiuc  is  alH)ut  1  henry,  more  than  that  of  the 
75-pound  coil  of  Fig.  82.  The  large  inductance  is  due  to  the  thousands  of 
t  urns  used,  as  well  as  to  the  fact  that  iron  cores  are  used.  The  resistance 
of  the  wire  used  in  these  magnets  is  approximately  2000  ohms,  so  that  the 
time  constant  of  such  an  inductance  is  only  0.0005  second,  about  one 
thousandth  that  of  the  large  coil. 

The  shunt^field  circuit  of  large  generators  may  have  many  henries 
of  inductance,  because  of  the  many  turns  used,  and  because  the  mag- 
netic path  is  almost  completely  through  iron  and  this  path  is  of  large 
cross-section.     In  Fig.  84  is  shown  a  small  coil  using  a  completely  closed 


Fio.  85. — Here  is  shown  a  variable  inductor  for  use  primarily  in  a  radio  circuit.  A 
rotary  coil  on  a  shaft,  fitting  inside  a  stationary  coil,  is  in  series  with  the  stationary 
one.     The  inductance  varies  because  of  the  variation  of  mutual  induction. 


magnetic  circuit;  it  is  known  as  an  ironclad  coil.  This  is  wound  with 
many  turns  of  No.  40  enameled  wire  and  contains  16  henries  of  inductance. 
Sometimes  it  is  desired  to  have  a  continuously  variable  inductance;  in 
I'ig.  85  such  a  one  is  shown.  It  is  made  up  of  two  parts,  one  rotatable 
inside  the  other,  the  two  parts  being  electrically  connected  in  series.  The 
inductance  of  such  a  construction  varies  because  of  the  change  in  the 
mutual  induction  as  the  inner  coil  is  turned.  The  total  variation  in  self- 
induction  of  such  a  variometer  (as  it  is  frequently  called)  is  about  ten  to 
one. 

It  will  be  noticed  that  in  all  these  inductances  the  resistance  of  the  cir- 
iiit  is  inseparably  connected  with  the  inductance;  the  two  constants  of  the 
ircuit,  R  and  L,  cannot  be  separated  because,  for  a  given  weight  of  copper, 
he  resistance  increases  as  the  inductance  increases.  For  a  given  weight 
•f  copper,  wound  in  a  certain  size  coil,  the  ratio  of  resistance  to  induct- 
mce  is  independent  of  what  siae  of  wire  is  used     A  No.  36  wire,  for 


L 
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example,  would  give  much  more  inductance  than  if  the  same  weight  of 
copper  was  used  to  wind  the  coil  with  No.  18  wire,  but  the  ratio  of  resist- 
ance to  inductance  of  the  coil  will  be  the  same  for  the  fine  as  for  the 
coarse  wire. 

46.  Circuit  Containing  Inductance  and  Resistance. — We  have  already 
seen  how  circuits  containing  resistance  only,  inductance  only,  or  capaci- 
tance only,  behave  when  an  alternating  voltage  is  impressed  upon  them. 
To  consider  the  action  of  a  circuit  containing  inductance  and  resistance, 
we  shall  consider  that  a  pure   resistance  is  placed  in 
o— VvVWNA/^— 1     series  with  a  pure,  air-core  mductance,  as  m  Fig.  86. 
Such  a  circuit  is  an  imaginary  one,  in  that  we  cannot 
have  a  pure  inductance;  the  resistance  would  actually 
Fig.  86.— An  imagi-    be  inseparably  associated  with  the  inductance, 
nary  circuit  consist-         When  a  voltage  is  impressed  upon  the  series  circuit 
ing  of  an   induct-    ^f  Yig.  86,  a  current  will  flow,  and  it  is  evident  that 
ance-less  resistor  in     . ,  ,  .  ,  . ,  i         j.  •     i.      l  • 

•  ,.  •  ,     the  current  must  have  the  same  value  at  any  mstant  m 

series  with  a  resist-  "^ 

ance-less  inductor,     every  portion  of  the  circuit;  whatever  the  current  value 

is  in  one  part  of  the  circuit  at  a  given  instant,  it  will 

be  the  same  in  any  other  portion.     If  this  be  not  true,  there  will  be  an 

increasing  accumulation  of  electrons  at  some  points  of  the  circuit,  or 

vice  versa;  this  is  manifestly  impossible. 

Let  us  assume  that  the  resulting  current  is  of  sine  form,  as  shown  by 
the  dotted  curve  of  Fig.  87 ;  let  us  represent  it  by  the  equation  i  =  /„  sin  2Tft. 
We  have  seen  (p.  25)  that  when  such  a  current  flows  through  a  pure 
resistance,  it  will  develop  a  resistance  reaction 

eji=  —iR=  —  ImR  sin  2irft. 

This  voltage  wave  is  of  sine  form  and  must  be  opposite  in  phase  to 
that  of  the  current,  or  lie  180°  behind  the  current,  as  is  represented  by  the 
dashed  curve  in  Fig.  87, 

It  has  also  been  shown  (p.  32)  that  when  a  current,  i=Im  sin  27r//,  flows 
through  an  inductance,  it  will  develop  an  inductance  reaction 

eL=  —  L-r.  =  —  2irfLIm  cos  2irft  =  —  /mXi  cos  27r//. 

This  inductance  reaction,  also  of  sine  form,  will  lie  90°  behind  the  current, 
as  is  represented  by  the  dash-dot  curve  of  Fig.  87. 

There  are  thus  two  separate  reactions  produced  by  the  cuiTent  in  the 
circuit  of  Fig.  86,  a  resistance  reaction  and  an  inductance  reaction.  From 
what  has  been  said  about  reactions  in  an  alternating-current  circuit  in 
Chapter  I,  it  is  evident  that  the  total  reaction  offered  by  the  circuit  at  any 
instant  will  be  the  algebraic  sum  of  the  instantaneous  values  of  the  tw^o 
separate  reactions,  at  the  instant  considered. 


CIFKMTT  roVTATN'T\<;   TVOfTTWrE   AXD   HF^TSTWrF 


86 


In  constriulinK  I'in-  ^^  wf  liave  aiwumetl  tliat  the  values  of  frequency, 
self-induction  and  resistance  arc  such  as  to  make  the  resistance  equal  to 
the  reactance,  that  is,  equal  to  2irfL.  It  follows  that  the  maximum  values 
of  the  resistance  reaction  and  the  inductance  n^action  are  equal,  as  is 
indicated  in  Fig.  87.  If  the  corresponding  values  of  the  two  reactions  are 
now  added,  as  suggested  in  the  previous  paragraph,  the  wave  of  the  total 
reaction  of  the  circuit  will  he  obtained;  it  is  shown  by  the  broken-line 
curve.  It  will  Ix;  found  that  the  wave  of  total  reaction  is  also  of  fine  form, 
and  (for  this  case  in  which  K  and  2t/L  have  been  assumed  equal),  lies 
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Flo.  87. — The  forms  and  phases  of  the  various  reactions  in  an  inductive  circuit. 

135**  behind  the  current,  or  the  current  may  be  said  to  lead  the  reaction 
by  135^ 

The  wave  of  impressed  voltage  mu.st  lie  180**  from,  or  be  opposite  to, 
the  wave  of  total  reaction,  since  these  two  voltages  must  be  equal  and 
opposite  to  each  other  at  ever>'  instant;  the  wave  of  impressed  voltage  is 
shown  in  full  line  in  Fig.  87.  The  total  reaction  being  of  sine  form,  it 
follows  that  the  impre8.sed  voltage  must  also  be  of  sine  form;  it  may  in 
this  case  be  represented  by  the  equation  e  =  J?«sin  (2t/<+45*').  As  the 
current  leads  the  total  reaction  by  135*,  it  must  lag  45*  behind  the 
impressed  voltage. 

Examination  of  Fig.  87  will  show  that  the  relative  position  and  max- 
imum value  of  the  total  reaction  will  depend  only  upon  the  relative  maxi- 
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mum  values  of  the  two  separate  reactions.  As  the  maximum  value  of 
either  reaction  increases  relatively  to  that  of  the  other  reaction,  the 
maximum  value  of  the  total  reaction  will  go  more  and  more  into  phase 
with  that  reaction,  the  maximum  value  of  which  is  increasing.  In 
Fig.  87  it  was  assumed  that  the  resistance  and  inductance  reaction  had 
equal  maximum  values,  say  100  units.  The  maximum  value  of  the  total 
reaction  must  then  occur  at  a  point  midway  between  the  maximum  values 
of  like  sign  of  the  separate  reactions.  At  this  instant  each  separate  reac- 
tion has  an  instantaneous  value  of  70.7  units,  and  the  total  reaction  a  value 
of  141.4  units.  The  effective  value  of  both  impressed  voltage  and  total 
reaction  would  be  141.4X0.707  =  100  volts. 

Had  we  started  our  analysis  by  assuming  a  sme  wave  of  impressed 
voltage,  e  =  Em  sin  2Trft,  we  would  at  once  have  plotted  a  sine  wave  of  total 
reaction,  equal  and  opposite  at  every  instant  to  the  wave  of  impressed 
voltage.  This  wave  of  total  reaction  would  be  made  up  of  two  sine-wave 
components,  a  resistance  reaction  and  an  inductance  reaction,  90°  apart 
from  each  other.  If  the  maximum  values  of  the  two  component  waves 
are  assumed  equal,  one  would  have  to  lie  45°  ahead  of  the  total  reaction 
wave,  and  the  other  45°  behind  it.  The  current,  of  sine-wave  form,  would 
then  lie  opposite  the  wave  of  resistance  reaction,  or  opposite  that  com- 
ponent lying  45°  behind  the  total  reaction,  inasmuch  as  we  have  already 
seen  that  in  a  circuit  containing  inductance,  the  current  must  lag  behind 
the  impressed  voltage  by  some  angle  between  0°  and  90°.  The  current 
would  be  expressed  by  the  equation,  i=Im  sin  (27r/<— 45°). 

In  this  second  method  of  analyzing  this  problem,  we  have  assumed 
the  two  components  of  the  total  reaction  to  be  each  a  sine  wave.  For  two 
component  reaction  waves  to  yield  a  sine  wave  of  total  reaction,  they  must 
either  both  be  sine  waves  or  both  suitably  distorted  waves;  if  one  com- 
ponent is  a  sine  wave  and  the  other  is  distorted,  they  cannot  jicld  a  sine 
wave  of  total  reaction.  For  both  of  them  to  be  distorted  it  would  be  neces- 
sary for  the  current  to  have  such  a  distorted  form  that  it  would  produce  a 
distorted  wave  of  resistance  reaction,  and  by  its  rate  of  change,  a  dis- 
torted wave  of  inductance  reaction,  these  two  being  of  such  form  that 
their  sum,  the  total  reaction,  is  a  sine  wave.  This  is  impossible  unless 
the  resistance  and  inductance  of  the  circuit  change  during  the  cycle  in 
some  very  complicated  manner. 

47.  Voltage  Diagram  for  a  Circuit  Containing  Resistance  and  Induc- 
tance.— The  current  being  the  same  in  all  parts  of  a  series  circuit,  it  is 
most  convenient  to  use  it  as  the  reference  vector.  We  may  then  draw  a 
vector,  Im,  proportional  to  the  maximum  value  of  the  current,  as  in  Fig.  88; 
a  vector  equal  to  the  maximum  value  of  the  resistance  reaction,  —/„/?,  is 
then  drawn  180°  from  the  current,  and  one  equal  to  the  inductance  reac- 
tion, —  2irfLIm=  —  ZmA'i,  90°  behind  the  current.     In  Fig.  88  the  vectors 
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roprcsentinK  the  resistance  and  inductance  reactions  arc  drawn  equal,  as 
was  assumed  for  Fig.  87.  The  maximum  value  of  the  total  reaction  is 
then  the  vector  sum  of  the  two  reactions;  we  shall  call  the  total  reaction 
—  ImZ.  Equal  and  opposite  to  the  total  reaction  is  drawn  the  maximum 
value  of  the  impressed  voltage,  E^.  It  will  be  seen  that  the  impressed 
voltage  leads  the  current  by  45",  as  was  the  case  in  Fig.  87. 


-i«x, 

'  \' 

-I«Ri JSl'lmZ 

(6)  (c) 

Fio.  88. — Vector  diagram  for  an  inductive  circuit;  the  three  positions  for  tho  rotuting 
vectors  represent  different  instants  in  one  cycle. 

In  Fig.  88a,  conditions  corresponding  to  time  =  0  of  Fig.  87  are  repre- 
sented. By  taking  the  vertical  projections  of  all  the  vectors,  the  instan- 
taneous values  of  all  quantities  may  be  obtained.  In  Figs.  886  and  c, 
conditions  corresponding  to  times  t/2  and  3t/2,  respectively,  of  Fig.  87  are 
indicated. 

It  will  be  seen  from  the  construction  of  Fig.  88  that,  as  the  impressed 

E,»orlmZ  EmOcImZ 


*ImX. 


Fia.  89. — Instead  of  drawing  the  vectors  representing  the  reactions  of  a  circuit,  it  is 
more  convenient  to  draw  vectors  showing  the  components  of  the  impressed 
force  (called  "drops")  which  overcome  the  reactions. 

voltage  is  equal  and  opposite  to  the  total  reaction,  the  impressed  voltage 
may  be  considered  as  made  up  of  two  components  which  overcome  the  two 
separate  reactions.  It  is  generally  more  convenient  to  draw  these  com- 
ponents of  the  total  impresstnl  voltage  directly.  Thus  in  Fig.  89  the  com- 
ponent of  the  impressed  voltage  which  overcomes  the  resistance  reaction. 
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—  ImR,  has  been  drawn  in  phase  with  the  current;  it  is  marked  I„Ji  and  is 
known  as  the  resistance  drop.  Similarly,  the  component  of  the  impressed 
voltage  which  overcomes  the  inductance  reaction  is  drawn  90°  ahead  of 
the  current;  it  is  marked  ImX  and  is  known  as  the  inductance  drop,  or 
inductive  reactance  drop. 

The  vector  sum  of  the  ImR  and  ImX  drops  is  called  the  impedance  drop. 
ImZ;  in  the  case  assumed,  there  being  no  other  reactions  for  the  impressed 
voltage  to  overcome,  the  ImZ  drop  is  the  impressed  voltage.  We  have  then 
the  obvious  relationship, 

E^=ImZ  =  V(ImRr-{-  (ImXr  =  ^ {In^f  +  {2lvfLImf .      .       .        (50) 

The  three  parts  of  Fig.  89  are  drawn  to  correspond  with  the  three 
instants  of  time  chosen  in  Fig.  88;  instantaneous  values  of  the  current,  the 
impressed  voltage,  and  its  components  are  found  by  obtaining  the  vertical 
projections  of  the  various  vectors.  In  Fig.  92  the  curves  of  IR,  IXl  and 
impressed  voltage  are  plotted  in  their  correct  phase  position  with  respect 
to  the  current. 

48.  Voltage  Diagram  with  Effective  Values. — In  problems  dealing 
with  a.c.  circuits,  the  voltages  and  currents 
involved  are  always  expressed  in  effective 
values;  we  are  generally  interested  in  knowing 
their  effective  values  and  their  relative  phases, 
or  the  angles  they  make  with  each  other,  but 
rarely  are  we  concerned  with  their  instan- 
taneous values. 

Since  the  effective  value  of  any  sine  wave 
is  equal  to  0.707  of  its  maximum  value,  if  we 
multiply  the  vectors  of  Fig.  89  by  0.707,  we 
will  have  a  diagram  as  in  Fig.  90,  which  ex- 
presses the  quantities  involved  in  effective  values,  and  indicates  their 
relative  phase  positions.  The  same  result  is  obtained  if  all  the  terms  of 
Eq.  (50)  are  multiplied  by  0.707,  i.e., 

E  =  IZ  =  V(//2)2+ (/X)2  =  \/(//2)2+ (27r/L/)2.  .     .    .     (51) 

The  effective  voltages  represented  by  IR,  IX^  and  IZ  are  what  a  volt- 
meter would  read  if  applied  to  the  hypothetical  circuit  of  Fig.  86,  across 
the  resistance  only,  the  inductance  only,  or  the  entire  circuit,  respectively, 
since  all  a.c.  meters  are  calibrated  to  read  in  effective  values.  (It  is  to  be 
remembered,  as  was  mentioned  before,  that  actually  a  coil  cannot  be 
wound  without  resistance,  so  that  a  drop,  IXl,  cannot  bo  measured.  Actu- 
ally the  IZ  drop  of  the  inductance  coil  is  the  only  quantity  which  can  be 
measured  by  voltmeter.) 

It  is  to  be  pointed  out  that  vertical  projections  of  the  vectors  of  Fig.  90 


IXl 
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/           V                   '                      -,               -r 

0                    IR 

Fig.     90. — Instead    of    using 

maximum     values    of     the 

various  drops  the  effective 

values    are    generally    em- 

pl( 

jyed. 
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will  indicau  in.>laiilaii4oUs  vulut-b  of  llaii  ix'si)ectiv('  voltages  only  if  these 
projections  arc  nmltiplied  by  1.414  (or  divided  by  0.707).  For  this  reason 
Fig.  90,  when  rotated,  is  intended  to  indicate  only  the  relative  magnitudes 
and  the  phaise  relationship  of  the  various  vectors,  that  is,  the  order  in 
which  the  varioas  vectors  pass  through  corresponding  values,  as  positive 
maxima,  and  the  tiini-  interval  between  these  corresponding  values. 

In  Figs.  88  and  S9  the  vectors  are  all  drawn  to  the  same  relative  scales 
as  the  maximum  values  of  the  curves  of  Fig.  87;  it  is,  of  course,  necessary 
that  all  the  various  voltage  vectors  in  either  Figs.  88  or  89  be  drawn  to  the 
same  scale.  However,  as  the  current  vector  is  introduced  only  as  a 
reference  (all  the  voltage  vectors  having  their  phase  relationships  deter- 
mined with  respect  to  it),  it  may  be  drawn  to  any  scale  whatever,  or  only 
its  position  may  l)e  indicated,  as  in  Fig.  90. 

49.  Impedance  Diagram  for  a  Circuit  Containing  Resistance  and 
Inductance. — The  relation  between  the  various  voltages  in  the  vector 
diagram  of  Fig.  90  was  given  in  Ek).  (51)  as 

£  =  /Z  =  V(/i?)2+ (/Xi.)2  =  V(/i?2+ (2t/L7)"^ 
which  equation  may  be  rewritten  as  follows: 


£:  =  7Z  =  /Vi?2+AV  =  /V/?2+(2T/L)2 (52) 

If  the  last  equation  is  di\'ided  through  by  the  current,  /,  we  have 

j=Z=y/W+X?=VWT(2^dW^ (53) 

or 

r^^^         ^        ^            ^  (.54) 

Z     ViP+X^2     V/f2-|-(2ir/L)2 

Ekiuation  (52)  indicates  that,  in  a  circuit  containing  resistance  and 
inductance  only,  the  impressed  force  is  balanced  by 
an  impedance  reaction,  IZ,  which  is  the  product  of 
the  current  and  the  impedance,  Z.  The  impedance 
is  dependent  upon  both  resistance  and  reactance, 
and,  as  stated  above,  is  given  by  the  equation 

Z=  Vi22-fXi,2  =  V/?2+(2T/L)2.  .     .     (55) 

Equation  (55)  indicates  that  to  obtain  the  im-  Fio.  91.— The  impedance 

pedance,  resistance  and  reactance  must  be  combined  **[  *  '^"^"'^  "^-^  ^^ 

....  t       .1         .1^  X-        L   •  obtained  by  properlv 

at  nght  angles  to  each  other,  the  operation  bemg  ^^^ining  the  remst- 

indicated  by  the  scalar  diagram  of  Fig.  91.     This  ance  and  reactance  as 

figure  may  be  said  to  have  lieen  obtained  by  dividing  shown  here, 
the  IR,  IXi,,  and  IZ  drops  of  Fig.  90  by  the  current. 
It  follows  that  in  the  impedance  diagram  of  Fig.  91,  the  intluctive  re- 
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actance,  X^,  should  be  drawn  90°  ahead  of  the  resistance  to  make  this 
diagram  consistent  with  the  others  we  have  used. 

If  the  angle  between  current  and  voltage  is  designated  as  0,  it  will  be 
seen  that  from  the  voltage  diagram  (Fig.  90) 


cos  <f>=Y7^  = 


IR 


sin  <i)  = 
tan</>  = 


IZ    V(IRf-\-{IXLf 
IXl^  IX l 

IZ     y/{IRf+{lXLf 

IXl 
IR 


.     (56) 


and  from  the  impedance  diagram  (Fig.  91) 


cos  <}>  =  -^  = 


R 


y/R^-\-Xi?' 


sin  4>  =  -^  = 


z    VrFTx? 


tan  (f)  = 


Xj. 
R' 


(57) 


60.  Power  in  a  Circuit  Containing  Resistance  and  Inductance. — We 

have  seen  in  Chapter  I  that  the  product  of  a  current  and  a  voltage  which  is 
90°  away  from  the  current,  represents  zero  power,  and  that  the  product  of 
a  current  and  a  voltage  which  is  in  phase  with  the  current  represents  real 
power,  measured  in  watts.  Thus  in  Fig.  90  the  product  of  the  IX^  drop 
and  the  current,  7,  that  is,  (IXl)I,  cannot  represent  any  real  power. 
The  product  of  the  IR  drop  and  the  current,  /,  that  is,  (IR)I,  or  PR,  must 
however  indicate  the  actual  power  used  in  the  circuit.  It  will  be 
realized  that  in  the  circuit  selected,  one  containing  a  pure  inductance  in 
series  with  resistance,  no  power  can  be  dissipated  in  the  inductance; 
whatever  power  is  expended  in  the  circuit  can  only  be  the  PR  loss  in  the 
resistance. 

From  Fig.  90  we  have,  since  IR  =  E  cos  <{>, 


Power  =  P  =  (IR)  Xl  =  EI  cos  0, 


(58) 


where  cos  <}>,  the  cosine  of  the  angle  between  the  current  and  the  voltage, 
is  called  the  power  factor;  it  may  also  be  defined  as  a  number  which,  when 
multiplied  by  the  volt-amperes  (product  of  volts  and  amperes)  of  a  circuit, 
gives  the  power  in  the  circuit. 

In  Fig.  92  the  curves  of  current,  IR  drop,  IX^  drop,  and  impressed 
voltage,  corresponding  to  the  vector  diagram  of  Fig.  89,  are  plotted.  In 
Fig.  93  the  corresponding  volt-ampere  curves  are  shown,  being  obtained 
by  plotting  instantaneous  products  of  current  and  IR  drop,  IX j^  drop,  and 
impressed  voltage,  respectively.     It  will  be  seen  that  the  volt-ampere 
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Fia.  92. — Curves  of  drops  and  impressed  voltage  in  an  inductive  circuit. 
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Pia.  93. — .Showing  curves  of  the  volt-ampCTes  of  an  inductive  circuit;  the  active 
volt-amperes  (or  watt«)  are  at  no  time  negative  wherean  the  reaction  volt- 
amperes  are  as  much  negative  as  positive. 
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curve  representing  the  product  of  instantaneous  values  of  current  and  IX j^ 
drop  (dot-dash  curve)  has  equal  positive  and  negative  loops,  indicating 
that  on  the  average  the  inductance  dissipates  no  power.  The  curve  repre- 
senting the  product  of  instantaneous  values  of  current  and  IR  drops 
(shown  in  full  line),  lies  entirely  above  the  axis  of  reference,  indicating  that 
all  the  power  is  positive,  i.e.,  all  of  it  is  being  dissipated.  The  volt-ampere 
curve  representing  the  product  of  instantaneous  values  of  current  and 
impressed  voltage  (shown  in  broken  line),  has  both  positive  and  negative 
loops,  the  former  being  much  larger  than  the  negative  ones.  The  differ- 
ence in  the  areas  of  the  positive  and  negative  loops  should  represent  the 
energy  dissipated  by  the  entire  circuit,  and  should  also  be  equal  to  the  .area 
under  the  full-line  curve  (product  of  current  and  IR). 

If  the  areas  of  the  loops  of  the  curves  of  Fig.  93  were  measured  by 
planimeter  over  one-half  cycle,  i.e.,  from  0  to  tt,  we  should  find  that 

Area  under  i{iR)  curve,  {i^R)  =1.12  sq.  in. 

Area  of  each  loop  of  i{iXi)  curve  =  0.36  sq.  in. 
Area  of  positive  loop  of  ei  curve  =  1.20  sq.  in. 
Area  of  negative  loop  of  ei  curve    =  0.08  sq.  in. 

The  above  figures  indicate  that  the  area  under  the  i^R  curve  is  equal  to 
the  difference  of  the  areas  of  the  positive  and  negative  loops  of  the  ei 
curve. 

The  curves  of  Fig.  93  indicate  that,  for  the  relative  values  of  R  and 

X  assumed  in  constructing  this  figure,  from  time  =  0  to  time =^  both  the  re- 
sistance and  the  inductance  are  drawing  energy  from  the  source.  From 
time  =  ^  to  time  =  7r,  the   inductance   gives   up   energy,  all   of  which  the 

resistance  absorbs  from  time=^  to  time  =  ^,  as  is  evident  from  the  fact 

q 

that  up  to  the  time  -r-  the  generator  is  still  furnishing  energy  to  the  circuit 

q 

(e«  curve  positive).     From    time  =  -7-    to    time  =  27r,    the    inductance    is 

giving  up  more  energy  than  the  resistance  can  dissipate,  so  that  the  surplus 
energy  is  given  back  to  the  source. 

It  is  interesting  to  note  that  the  area'  under  one  loop  of  the  i^Xh 
curve  (0.36  sq.  in.)  if  changed  into  the  proper  units,  gives  the  maximum 
energy  stored  in  the  coil  as  ^Lz^. 

To  determine  by  the  calculus  an  expression  for  the  average  power  when 
a  voltage  of  the  form  Em  sin  co<  is  impressed  on  a  circuit  containing  resistance 
and  inductance  only,  and  a  current  of  the  form  /„  sin  (ut  —  (t>)  results,  the 
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-current  lagging  <*>  dogreoi  behind  the  voltagr,  wo  need  only  evaluate  the 
xpreasion 

1  f' 
Xvorneo  fK)Wcr  =  -  I    A',,  sin  uiXim  sin  (w/  — <;b)d(u)/) 


'Vo 


Vo 


1  r- , 

-  I    £'«  sin  u)tXlm(sin  <at  co6  <1>— cos  tdt  sin  <!>)diut) 
J?,  sin  cdf  X/»(sin  (tf(  cos  <t')diu>t) 

Ewt  sin  (<;<X/m(co6  w<  sin  <t>)d(ut) 

E^I^  COfHt>  T'  .    2      4  J/    s\ 

"^  Jo 

I    gin  (j<  cos  at  d{ut). 

Since    |    sin  <.><  cos  co^  (/((>>/)  =0  and  since  |    sin2a><d(w0=s  (pagc  16) 
Jo  Jo  ^ 


we  have  that 


P  = ji =— ^X-7=  cos  <t>  =  EI  cos  0, 

2  V2    V2 


where  £  and  /  are  the  effective  values  of  the  voltage  and  current  respect- 
ively, and  cos  4>  is  the  power  factor. 

61.  Circuit  Containing  Several  Resistances  and  Inductances  in 
Series. — When  current  flows  through  a  circuit  containing  several  resist- 
ances and  inductances  in  series,  the  IR  drops  will  all  be  in  phase  with  the 
current,  and  all  the  IX i,  drops  will  be  90°  ahead  of  the  current.  We  may 
write  then, 

E'V{IR'-\-IR"-^  .  .  ,)2+(IX'c-^IX"l+  .  .  .)*•      .     .     (59) 

E=-IZ  =  lV{R'-\-R"-\-  .  .  .f+{X'i,-\-X'\-^  .  .  .)2.  .     .     (60) 

Z=V{R'-\-R"-^  .  .  .)2+(X',,-}-X"z,-|-  .  .  .)2 (61) 

R'-^R"-^  .  .  .       .    ^    X'i.+X"i,-\-  .  . 
: ^ ,    srn^- ^ 

52.  Iron-core  Inductance.  Effective  Resistance. — Whenever  iron  is 
scd  as  a  part  of  a  magnetic  <'ircuit,  and  the  flux  is  varietl,  hysteresis  and 
•  tidy-current  losses  will  (K-cur  in  the  iron.  When  an  alternating  current 
tlows  throuKb  :»n  irt>ti-<-«>n'  indu(tan<'<v  tbr  flux  will  vary  continuou-sly  with 


cos  <t>^  z  '    ^  ^^—^ Y — '-^ (62) 


us 
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time,  and  a  certain  amount  of  power  supplied  to  the  circuit  will  be  con- 
verted into  heat. 

The  hysteresis  loss  for  ordinary  iron  may  be  expressed,  according  to 
Steinmetz'  empirical  law,  by 

W,=  vfVBj\     .     / (63) 

where  ^  =  the  hysteresis  constant,  or  the  loss  per  unit  volume  or  weight, 
per  cycle; 
/= frequency  in  cycles  per  second; 

F  =  volume  or  weight,  depending  on  how  77  is  expressed; 
5„i  =  maximum  flux  density  attained  during  the  cycle. 

The  eddy-current  loss  for  any  material  may  be  expressed  by 

We=tVfPBJ, (64) 

where  e  =  the  eddy-current  constant,  or  the  loss  per  unit  volume  or  weight, 
per  cycle ; 
y  =  the  volume  or  weight,  depending  on  how  c  is  expressed; 
<  =  thickness  of  laminations,  in  units  corresponding  to  those  of  F; 
/= frequency  in  cycles  per  second; 
5„  =  maximum  flux  density  attained  during  the  cycle. 

The  total  watts  dissipated  by  an  iron-core  inductance  will  then  be 

W  =  PRo-^Wn+We, (65) 

where  Rq  is  the  ohmic,  or  conductor,  resistance,  or  resistance  as  determined 
by  continuous-current  measurement.  (The  term  ohmic  resistance  is  not  a 
good  one,  but  is  much  used;  it  seems  that  conductor  resistance  is  a 
better  term.) 

In  case  high  frequency  is  used,  even  the  conductor  resistance  itself  is 
different  from  the  value  determined  by  continuous-current  measurements. 
As  the  frequency  increases,  there  is  an  increasing  tendency  for  the  current 
to  use  only  the  outer  part  of  the  conductor  cross-section,  resulting  in  a 
resistance  increasing  with  frequency;  this  increase  in  resistance  is  said  to 
be  due  to  the  skin  effect. 

It  is  evident,  then,  that  the  average  rate  at  which  heat  energy  is  dissi- 
pated when  an  alternating  current  flows  through  an  iron-core  inductance, 
is  not  the  same  as  the  square  of  the  effective  value  of  the  current  multiplied 
by  the  resistance  of  the  winding  as  determined  by  a  continuous-current 
measurement,  but  is  greater  than  this.  In  order  to  take  account  of  hys- 
teresis and  eddy-current  losses  in  our  equations,  we  may  consider  that  the 
iron-core  inductance  has  an  effective,  equivalent,  or  apparent  resistance,  R, 
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such  that  this  effective  resistance  multiplied  by  the  square  of  the  effective  value 
of  the  current  gives  the  true  average  rate  at  which  heat  energy  is  dissipated,  i.e. 

Watts  ^  PR, 
or, 

R  (eflfcctive  resistance)  =     ,g (66) 

The  effective  resistance  is  only  in  very  exceptional  cases  less  than  con- 
ductor resistance,  or  resistance  by  c.c.  measurement.  If  there  are  no 
losses  hut  that  due  to  the  resistance  of  the  winding,  the  effective  resistance 
is  equal  to  the  conductor  resistance,  but  if  other  losses,  such  as  iron  loss 
(or  others  to  be  mentioned  later)  are  present,  the  effective  resistance  may 
be  much  greater  than  this  conductor  resistance. 

Inasmuch  as  hysteresis  and  eddy-current  losses  are  dependent  upon 
frequencj',  flux  density,  quality  of  iron,  etc.,  it  is  obvious  that  the  effective 
resistance  of  a  circuit  may  vary  as  any  or  all  of  these  quantities  vary.  The 
only  way  in  which  the  effective  resistance  of  a  circuit,  or  part  of  a  circuit. 


may  be  determined  is  by  means  of  Eq.  /• ^r 

(66),  the  power  dissipated  in  the  circuit,  R-5ohn« 

or  part  thereof,  being    measured   by  a  o—^ — WWWVW 
wattmeter,  an  instrument   designed  for 

,,  .  '  '^  llOvoItt 

this  purpose.  60  cycles 

Whenever  we  speak  of  the  resistance  i^Z^k^aT^ 

of  an  alternating-current  circuit  we  shall  °     |^-2ohms^ 

moan  the  effective  resistance.  I         '" 

63.  Example.  —  An    air-core    induct-  El ^ 

ance  coil  (L  =  0.03  henry,  and  resistance.  Fig.  94.— A  resistance  of  5  ohms  in 

Ri^  =  2.0  ohms),  is  placed  in  series  with  a         ««"<*  '^'^^^  "^  inductance  of  0.03 
•     1,.  .,  /r»        crtu       \  henrv    and    2   ohms   resistance. 

non-mductive  resistance  (/Ca=5.0  ohms),        „.,         ^u-  o  u        n  u 

^    "  "  >V  hereas  this  2  ohms  will  be  con- 

across  a  1 10-volt,  60-cycle  source  of  power  ^^„^  ^.jth  the  5  ohms,  it  is  to  be 
(Fig.  94).  It  is  desired  to  Iqiow  the  cur-  remembered  that  actually  this  2 
rent  which  ^nll  flow,  the  voltage  across  ohms  resistance  cannot  be  dis- 
each  part  of  the  circuit,  the  power  factor  of  «»ociated  from  the  coil, 
the  coil  and  of  the  entire  circuit,  and  the  power  dissipated  in  the  entire 
circuit  and  in  each  part  of  it. 

The  resistance,  R,  of  the  entire  circuit  is  evidently  the  sum  of  the 
resistances  of  the  two  parts  of  the  circuit,  i.e., 

i2  =  ftH+/?i,= 2.0+5.0  =  7.0  ohms. 

The  reactance,  Xi,,  of  the  entire  circuit,  is  that  of  the  coil, 

Xi,  =  2t/L  =  2tX60X0.03 =377X0.03  =  11.31  ohms. 
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The  impedance  of  the  entire  circuit  is  then  (Fig.  95). 

Z  =  V(i^^+/^i,)2+(Xi)2  =  V72+II.312  =  \/49+ 127.9  =  13.30  ohms. 

The  impedance,  Zl,  of  the  coil  alone  is 

Zl  =  Vr^F+X?  =  V22-I- 11.312  =  V4+ 127.9  =  11.48  ohms. 

When  the  circuit  is  placed  across  a  110-volt,  60-cycle  source  of  power, 
the  current,  7,  will  be 

^    E      110      „  „^ 

^  =  Z=I3:30  =  ^-27^"^P"'"«- 

The  voltage  across  the  resistance,  Er^IRr,  will  be  8.27X5  =  41.35 
volts,  and  that  across  the  coil,  E^^IZ^,  will  be  8.27X11.48  =  94.94  volts. 


Fig.  95.  Fig.  96. 

Fig.  95. — The  impedance  diagram  of  the  circuit  given  in  Fig.  94. 
Fig.  96. — The  voltage  diagram  for  the  circuit  of  Fig.  94. 

These  voltages  will  be  measured  by  a  voltmeter  placed  across  the  resistance 
and  the  inductance  coil,  respectively. 

The  total  resistance  drop  of  the  circuit  is  7i?  =  7/?ft+7i?i  =  8.27X24- 
8.27X5  =  16.54+41.35  =  57.89  volts.  The  reactance  drop  of  the  circuit 
is  IX i^  =  8.27  X  11.31  =  93.53  volts.  These  voltages  cannot  he  obtained  by  any 
voltmeter  measurements,  since,  as  noted  before,  the  resistance  and  induct- 
ance of  a  coil  cannot  be  dissociated  one  from  the  other.  When  combined 
at  right  angles,  the  total  IR  drop  and  the  IX  drop  yield  the  impressed 
voltage  (Fig.  96). 

E  =  V{IR)^-\-{IXi,)^  =  V57 .  892+93 .  53^ 

=  V3351+8748  =  Vl2099  =  1 10  volts. 

The  power  factor  of  the  entire  circuit  is,  from  the  impedance  diagram 
(Fig.  95), 

^^+^==_Z_  263, 


cos  0  = 


13.30 
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and  from  the  voli^igo  diagjam  ^l  ig.  9C), 

IRb+IRl    16.M-f41.o:>    r>7.89 


coe  ^< 


110 


from  which 


or, 


E 

0  =  58. 25^ 
The  power  factor  of  the  coil  alone  is 

^      IRl    16.54    ^  ,_,^ 


110 


=0.5263, 


or, 


from  which 

<^z,=80^ 

The  power  dissipated  by  the  entire  circuit  is  then 

P  =  J?/  cos  (^=110X8.27X0.5263=478.8  watts, 
.>r, 

P  =  IHRs+Rj)  =  8.272  X  7.0 = 478.8  watts. 

The  power  dissipated  in  the  inductance  coil  is 

Pj^  =  EJ  cos4>L  =  94.94  X8.27  X0.1742  =  136.8  watts, 

Pl  =  I^Rl = 8.272  X  2.0  =  136.8  watt«. 
The  power  dissipated  in  the  resistance,  Rg,  is 
p^  =  E^I  =  41.35  X8.27  =  342.0  watts, 

Pji = PRg  =  8.272  X  5.0 = 342.0  watts. 

Evidently 

p=p^4.p^= 342.0+ 136.8  =  478.8  watts. 

54.  Circuit  Containing  Capacitance  and  Re- 
sistance.— When  a  sine  wave  of  voltage  is  ini- 
prossocl  upon  a  series  circuit  containing  resistance 
and  capacitance,  as  in  Fig.  97,  a  current  will  flow 
which  will  l)e  of  sine  form ;  let  us  represent  it  by 
the  equation,  i  =  /„sin2T//.  This  current,  flow- 
ing through  the  resistance,  develops  a  resistance 
reaction 


or, 


Fig.  97. — A  auppoecdly 
perfect  condenser  in 
series  with  a  pure  re- 
sistance. 


ej,=  -iR=  -ImR  sin  2Tfl, 
which  lies  180"*  behind  the  current.     Obviously  thorr  will  ].c  a  component 
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of  the  impressed  voltage  in  phase  with  the  current  which  overcomes  this 
reaction;  it  is  represented  in  Fig.  101  by  the  dotted  curve. 

We  have  seen  (page  42)  that  if  a  sine  wave  of  voltage,  e  —  Em  sin  27r/<, 
is  impressed  upon  a  capacitance,  a  cosine  wave  of  current,  ?'  =  /„  cos  27r/i, 
leading  the  voltage  wave  by  90°,  results.  This  current  produces  a  capaci- 
tance reaction,  the  equation  of  which  is 

ec=—  2jfi  sin  2Tft  =  —  I^Xc  sin  2TrfL 

If  however,  the  current  is  assumed  as  being  a  sine  wave,  i.e., 
i  =  Im  sin  2Trft,  the  wave  of  impressed  voltage  would  have  to  be  a  cosine 
wave,  which,  in  order  to  have  the  current  lead  by  90°,  would  have  to  be 
represented  by  the  equation 

e=  —Em  cos  27r/Y, 
and  the  capacitance  reaction  would  have  to  be  expressed  by 

ec  =  2-^  cos  2Trft  =  ImXc  cos  2x/<, 

which  leads  the  current  by  90°. 

The  current  which  flows  through  the  circuit  of  Fig.  97  is  represented 
by  the  dotted  curve  in  Fig.  101,  the  IR  drop,  or  component  of  the  impressed 
voltage  which  overcomes  the  resistance  reaction,  by  the  dashed  curve, 
and  the  IXc  drop,  or  the  component  of  the  impressed  voltage  which  over- 
comes the  capacitance  reaction,  by  the  dash-dot  curve.  In  constructing 
this  figure,  we  have  assumed  that  the  values  of  frequency,  capacitance, 
and  resistance,  are  such  as  to  make  the  resistance  equal  to  the  reactance, 

that  is,  equal  to  „— ^77.     The  impressed  voltage  is  then  shown  by  the  solid- 

line  curve;   it  is  found  to  lag  45°  behind  the  current  and  may  be  repre- 
sented by  the  equation 

e  =  ^„sin  (27r/i-45''). 

55.  Voltage  Diagram  for  a  Circuit  Containing  Resistance  and  Capaci- 
tance.— The  current  being  the  same  in  all  parts  of  the  scries  circuit,  it  is 
again  used  as  the  reference  vector.  In  Fig.  98  a  vector  Im  is  drawn  pro- 
portional to  the  maximum  value  of  the  current  of  Fig.  101.  The  vector 
representing  the  maximum  value  of  the  resistance  reaction,  —ImR,  is  drawn 
180°  from  the  current,  and  the  vector  representing  the  maxinmm  value 
of  the  capacitance  reaction,  — /„,Xc,  is  drawn  90°  ahead  of  the  current. 
The  vector  sum  of  —/,„/?  and  —ImXc  yields  the  impedance  reaction,  —  I„.Z. 
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There  Ikmiir  no  other  rrjtctioiis  prt^sent  in  the  circuit,  the  iinpreisscd  voltage 
is  drawn  e<jual  and  opiH»sit<-  to  the  impedance  reaction. 

In  Fig.  99  the  corresponding  vector  diagram  in  eflfcctive  values  is  shown ; 
the  current  InMng  only  a  reference  vector,  its  position  only  is  indicated. 
The  IR  drop  is  then  drawn  in  phase  with  the  current,  and  the  IXc  drop  90° 


Fio.  98. 


Fig.  99. 


Fio.  98.—  Veftor  diagram  of  reactions  and  impressed  voltage  for  the  circuit  of  Fig.  97. 

Fiu.  99.  — Instead  of  using  ma.ximum  voltages  in  constructing  vector  diagrams,  it 
is  customary  to  use  effective  values.  This  diagram  gives  the  two  components  of 
the  impr«'s!»ed  force  which  is  required  to  overcome  the  reactions  of  Fig.  98. 

Ix'hind  the  current;  the  vector  sura  of  IR  and  IXc  yields  the  impressed 
voltage.     This  relation  may  also  Ix;  expressed  by  the  equation 


which  may  also  be  written 
E 


(67) 


or 


=  IZ  =  lVR^+X^=IyJR^-\-(^J (68) 

If  the  last  equation  is  divided  through  by  the  current,  /,  we  have 

....     (69) 
E  E 


f  =  Z=V/P+Xe'=^iP+(2^)',     . 


/=f 


z  Vip+x^ 


>R5y 


(70) 


66.  Impedance   Diagram  for  a   Circuit  Containing  Resistance   and 
Capacitance. — Equation  (69)  indicates  that,  to  obtain  the  impedance,  it 
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is  necessary  to  combine  the  resistance  and  reactance  at  right  angles,  the 

operation  being  indicated  by  the  scalar  diagram 
of  Fig.  100.  This  figure  may  be  said  to  have 
been  obtained  by  dividing  the  IR,  IXc,  and  IZ 
drops  of  Fig.  99  by  the  current.  It  follows 
that,  in  the  impedance  diagram  of  Fig.  100,  the 
capacitive  reactance,  Xc,  should  be  drawn  90° 
behind  the  resistance,  to  make  the  diagram  con- 
sistent with  the  others  we  have  used. 

If  the  angle  between  current  and  voltage  is 
designated  as  <j>,  it  will  be  seen  that,  from  the 
voltage  diagram  (Fig.  99). 


Fig.  100. — The  impedance 
diagram  for  the  circuit  ol 
Fig.  97. 


,    IR  IR 

cos  (f)  =  y^  = 


sm  0= 
taji(f>= 


IXc_  IXc 

IZ    vjiW+iiXc?' 

IXc 
IR' 


(71) 


and  from  the  impedance  diagram  (Fig.  100), 


,     R  R 

cos  0  =  ^  = 


sin  (t)= 


Z     VR^-i-XJ^' 
Xc  _        Xc 


.       .     Xc 
tan  9  =  -D« 
a 


(72) 


57.  Losses  in  a  Condenser. — When  a  condenser  is  used  in  an  alter- 
nating-current circuit,  there  are  various  losses  which  occur.  These  losses 
may  be  due  to  actual  leakage  from  one  plate  to  the  other  through  or  around 
the  dielectric,  to  dielectric  hysteresis,  or  to  I^R  losses  in  the  conducting 
plates  of  the  condenser.  The  dielectric  hysteresis  loss  is  due  to  the  stress- 
ing of  the  dielectric  by  the  voltage  applied  to  it,  alternately  in  one  direc- 
tion and  in  the  other,  and  manifests  itself  by  heating  of  the  dielectric,  just 
as  magnetic  hysteresis  heats  the  iron. 

In  good  condensers  operated  at  ordinary  commercial  voltages  and  fre- 
quencies, the  losses  in  the  condenser  are  negligible;  in  our  problems  we 
shall  so  assume  them  unless  otherwise  stated.  If  it  is  desired  to  know  the 
amount  of  the  losses  taking  place  in  a  condenser,  they  must  be  measured 
by  a  wattmeter  or  other  equivalent  means,  and  the  effective  series  resist- 
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ancc  of  the  condeaser  obtained  by  dividing  the  watt«  by  the  current 
s<]uarod,  i.e., 

o    watts 
/i  =  — ?5— . 


It  is  to  be  noted  then,  that  if  the  losses  of  the  condenser  of  Fig.  97  are 
negligible,  so  that  the  effective  series  resistance  of  the  condenser  is  zero, 
the  drop  IXc  is  the  voltage  which  would  be  measured  by  a  voltmeter  when 
placed  across  the  capacitance.  In  the  circuit  of  Fig.  94  we  found  that  if  a 
voltmeter  was  placed  across  the  inductance  coil,  it  measured  the  IZ  drop, 
or  vector  sum  of  the  resistance  and  reactance  drops  of  the  coil ;  the  resist^ 
ance  drop  and  reactance  drop  could  not  be  separately  measured,  inasmuch 
as  the  resistance  and  reactance  of  the  coil  could  not  be  dissociated  one  from 
the  other. 

68.  Power  in  a  Circuit  Containing  Resistance  and  Capacitance. — 
The  product  of  the  IXc  drop  and  the  current,  /,  that  is,  {IXc)I,  in  Fig.  99, 
cannot  represent  any  real  power  because  the  angle  between  the  voltage 
impressed  on  the  condenser  and  the  current  which  flows  is  90**,  thus  mak- 
ing the  power  factor  of  the  condenser  equal  to  zero.  High  grade  paraf- 
fine  paper  or  oil  condensers,  such  as  are  used  in  practice,  have  an  angle 
of  lead  between  89°  and  90°.  The  power  factor  is  thus  about  1%  or 
even  less.  The  product  of  the  IR  drop  and  the  current,  7,  that  is,  (IR)!, 
or  PR,  must  therefore  indicate  the  total  power  actually  used  in  the 
circuit  of  Fig.  97  since  we  have  assumed  that  there  was  no  power  lost 
in  the  condenser. 

From  Fig.  99  we  have,  since  IR  =  E  cos  <f>, 

Power  =  P  =  (IR)I  =  EI  cos  <t>, 

where  coe  </>,  the  power  factor,  is  the  cosine  of  the  angle  between  tJie  current 
and  the  voltage  impressed  in  the  circuit. 

In  Fig.  102  the  volt-ampere  curves  corresponding  to  the  curves  of 
Fig.  101  are  plotted,  being  obtained  as  in  the  case  of  the  inductive  circuit 
considered  before,  by  plotting  instantaneous  products  of  current  and  IR 
drop,  IXc  drop,  and  impressed  voltage,  respectively.  It  will  be  seen  that 
the  volt-ampere  curve,  representing  the  product  of  instantaneous  values  of 
current  and  the  IXc  curve  (dot-dash  curve),  has  equal  positive  and  nega- 
tive loops,  indicating  that  on  the  average  the  capacitance  dissipates  no 
power.  The  curve  representing  the  product  of  instantaneous  values  of 
current  and  IR  drop  (full-line  curve)  is  positive  throughout,  indicating 
that  all  of  the  power  is  dissipated.  The  volt-ampere  cur\'e,  representing 
the  product  of  instantaneous  values  of  current  and  impressed  voltage 
(broken-line  curve),  has  both  positive  and  negative  loops,  the  former  being 
larger  than  the  negative  loops.    The  difference  in  the  areas  of  the  positive 
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Fig.  101. — Curves  of  voltages  for  a  condensive  circuit  having  a  resistance  equal  to 

its  reactance. 
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Fig.  102. — Volt-ampere  curves  for  the  condensive  circuit  used  in  Fig.  97;    during 
part  of  the  cycle  energy  is  flowing  back  from  the  circuit  into  the  machine. 
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and  nogativo  loop>  a^ain  npn  -t  nts  tlio  cncrg>'  dissipated  by  the  entire 
circuit,  ami  is  ctjual  to  tlu»  ana  under  the  full-line  curve. 

It  will  lx»  seen  that  from  time=0  to  time=T/4,  for  the  relative  values 
of  R  and  Xc  assumed,  the  capacitance  is  pving  up  more  energj'  than  the 
resistance  is  dissipating,  so  that  energ>'  is  flowing  back  to  the  source. 
From  time^T/4  to  time=T/2,  the  resistance  is  dissipating  more  energy 
than  the  capacitance  is  giving  up,  the  surplus  Ix'ing  furnished  by  the 
source.  From  time=T/2  to  tinie=T,  both  the  resistance  and  the  capaci- 
tance are  drawing  energy  from  the  line. 

To  determine  by  the  calculus  an  expression  for  the  average  power 
when  a  voltage  of  the  fonn  Em  sin  wt  is  impressed  on  a  circuit  containing 
resistance  and  capacitance  only,  and  a  current  of  the  form  /«  sin  («<+^) 
resultvs,  the  current  leading  the  voltage  by  <t>  degrees,  we  need  to  evaluate 
the  expression 

Average  power  =  -  I    E^  sin  odXim  sm  ((at+<t>)diu)f). 

This  expression  is  the  same  as  that  integrated  on  page  93  with  the 
exception  that  here  we  have  «in  {id-\-4>)  instead  of  sin  (w<  — 0);  this  dif- 
ference in  the  algebraic  si^n  ot  o  makes  no  diflference  in  the  result  of  the 
integration,  so  that  we  have 

EmJm  cos  <^    Em    J^"  ,»^  .  _  pr  «^  . 

p  — _ =  _--  __-  008  0  =  £./  COS  0. 

2  >/2\/2 

59.  Circuit  Containing  Several  Resistances  and  Capacitances  in 
Series. — From  what  was  said  regarding  a  circuit  containing  several 
inductances  and  resistances  in  series  (page  93),  it  is  evident  that,  for  a 
circuit  containing  several  resistances  and  capacitances  in  series. 


E=y/{IR'+IR"^.,.f-\-{IX'c-\-IX"c-^...)^.     .    .     (73) 

E=iz^i\  rr-  //"+ . .  .)2+(x'c+x"c+ .  .">'.     .  (74) 


Z  =  V(/2'-|-«"+...)^+(X'c+X"c+...)=^.        .     .     .     (75) 
co8</>= y ,    sm0= » .       .     .     .     (<6) 

60.  Example. — Asa  lalxjratorj-  test,  a  capacitance,  C  =  2(X) microfarads 
(  =  200X10"*^  farads),  is  placetl  in  series  with  a  non-inductive  resistance, 
R=10  ohms,  across  a  110-volt,  25-cycle  source  of  power.  It  is  desired 
to  know  the  current  which  will  flow,  the  voltage  across  each  part  of  the 
circuit,  the  power  factor  of  the  circuit,  and  the  power  dissipatetl.  We 
assume  the  condensers  sufficiently  free  from  dielectric  hysteresis  and 
leakage  to  permit  us  to  neglect  their  losses. 
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The  reactance,  Xc,  of  the  circuit  is  that  of  the  capacitance, 

1  10^ 

^^^27rX25X200Xl0-6  =  157X200^^^-^''^"'^' 

The  impedance,  Z,  of  the  circuit  is  (Fig.  103), 
^  =  V102+31.92  =  33.4  ohms. 

When  the  circuit  is  placed  across  a  110- volt,  25-cycle  source  of  power, 
the  current  will  be 

i  = -^ = ^^-^  =  3 .  29  amperes. 

The  voltage  across  the  resistance,  Er  =  IR,  will  be  3.29X10  =  32.9 
volts,  and  that  across  the  capacitance,  Ec^IXc,  will  be  3.29X31.9  = 


IX, 


Fig.  103.  Fig.  104. 

Fig.  103. — The  impedance  diagram    for  a  capacitive    circuit    containing    10  ohms 

resistance  in  series  with  31.9  ohms  reactance. 
Fig.  104. — The  voltage  diagram  for  the  circuit  used  in  Fig.  103. 

104.9  volts.    The  vector  sum  of  these  voltages  is  the  impressed  voltage 

(Fig.  104).  

^  =  V32. 92-1-104.92  =  110  volts. 

The  power  factor  of  the  circuit  is,  from  the  impedance  diagram  (Fig. 
103), 

R      10 


cos  <^  = 


Z    33.4 

and  from  the  voltage  diagram  (Fig.  104), 

IR    32.9 


=  0.299, 


from  which  0  =  72.6^ 


cos«^  =  ^  =  -^  =  0.299. 
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The  power  (ii--i|M!'  m  i- 

P  =  Kl  c  u..  ^    1 10 X3 . 29 XO . 299  =  108 . 2  watts, 
or, 

P=Pi2-3.292xiO=  108.2  watts. 

In  case  the  losses  in  the  condenser  may  not  be  neglected,  it  is  to  be 
noted  that  there  will  be  an  IRc  drop  in  the  condenser.  A  voltmeter 
placed  across  the  condenser  would  then  read  the  impedance  drop  across 
the  cx)ndenser,  i.e.,  IZr  =  V(//?^)2+  (/AV)-. 

61.  Circuit  Containing  Resistance,  Inductance,  and  Capacitance  in 

Series. — When  a  sine  wave  of  voltage  is  impressed  on  a  circuit  containing 

a  pure  resistance,  a  pure  inductance,  and  a  pure  capacitance  in  series, 

as  in  Fig.  105,  a  sine  wave  of  current  will  flow,  of  the  form,  i  =  /„  sin  2irft,  as 

indicated   by  the    dotted    curve  of  Fig.  109. 

This  current  when  flowing  through  the  resist-  vvwvv\r 

ance  produces  a  resistance  reaction,  which  will 

l)e  balanced  by  the  IR  drop  in  phase  with  the 

current;    this   component   of    the    impressetl 

voltage   is  indicated  by  the  dashed  curve  in 

Fig.  109.      When  flowing  through  the  induct-  Fig.  10.5. — An  iinagiQar>-  cir- 

ance,   the    current    produces    an   inductance     <^"i*  containing  a  pure  resist- 

reaction,  which  wUl  be  balanced  by  the  IXu  ^^^'^ !"  ««"«  ^-i^**  *  ••^•«*- 
j  1      1-        xL  L    y       ^r^o     .1  •  ance-l€S8     inductor    and    a 

drop  leadmg  the  current  by  90";   this  com-     p^^^^  condenser. 

ponent  of  the  impressed  voltage  is  indicated  by 

the  dash-dot  curve  in  Fig.  109.  Similarly,  when  flowing  through  the 
capacitance,  the  current  produces  a  capacitance  reaction,  which  will  Ik? 
balanced  by  the  IXc  drop,  lagging  90°  behind  the  current;  this  com- 
ponent of  the  impressed  voltage  is  shown  by  the  dash-double-dot  curve  of 
Fig.  109. 

As  the  impressed  voltage  at  any  instant  is  the  algebraic  sum  of  all  its 
components  at  that  instant,  its  wave  is  readily  constructed ;  it  is  indicated 
in  Fig.  109  by  the  full-line  curve.  It  will  be  seen  that  the  /X^  and  IXc 
drops  lie  ISO"*  apart,  and  that  the  resultant  reactance  drop  of  the  circuit 
will  always  \ie  the  difference  between  them.  The  position  of  the  impressed 
voltage  with  respect  to  the  current  depends  then  upon  which  of  the  react- 
ance drops  is  the  greater.  If  the  IXi,  drop  b  greater  than  the  IXc  drop, 
the  impressed  voltage  will  1x5  ahead  of  the  current,  but  if  the  IXc  drop  is 
greater  than  the  /A'^,  drop,  the  impressed  voltage  will  lie  Ix'hind  the  cur- 
rent. For  the  relative  magnitudes  of  reactance  drops  assumed  in  Fig.  109, 
the  impressed  voltage  leads  the  current  by  the  angle  <t>.  If  the  current 
then  is  expressed  by  the  equation,  i=/a.  sin  utf  the  voltage  must  evidently 
be  expresssed  by  e  =  ^m  sin  (aj<-f  <^). 

62.  Voltage  Diagram  for  a  Circuit  Containing  Resistance,  Inductance, 
and  Capacitance  in  Series. — In  both  parts  of  Fig.  106,  the  current  is  used 
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as  the  reference  vector,  the  IR  drop  is  drawn  in  phase  with  the  current, 
the  IXl  drop  90°  ahead  of  the  current,  and  the  IX^  drop  90°  behind  the 
current.  In  Fig.  106a,  the  impressed  voltage  is  found  by  finding  first 
the  resultant  of  IR  and  IXl  and  then  combining  this  resultant  with  IXc. 
It  is  evident  that,  since  IXl  and  IXc  are  180°  apart,  we  may  combine 
their  difference  directly  with  the  IR  drop,  as  is  done  in  Fig.  1066. 


Fig.  106. — Showing  the  voltage  diagram  for  the  circuit  of  Fig.  105. 
The  operation  indicated  in  Fig.  106  may  be  expressed  by  the  equation 


E  =  IZ  =  V{IR)^+(IXL-IXcr  =  -^{IR)'+(2rfLI-^J,     (77) 
which  may  also  be  written 

E  =  IZ  =  lVR^-\-{XL-Xcr==IyJR^-\-(2TfL-^J.      .     .     (78) 


If  the  last  equation  is  divided  through  by  the  current,  7,  we  have  that 
E 
or  that 


j-^Z  =  VR2+(XL-Xcr  =  yJR^-\-(2TfL ^-V 


/4= 


E 


\    "         27r/C7  ' 

E 


Z       V/i2+(Xi_Xc)2 


^/2H( 


2^^^-2^)^ 


(79) 
(80) 
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If  tin*  hukU'  iH'twecn  the  currtnit  an*!  tlic  vultag(*  is  :i|;uin  ilmgimteil 
by  4>,  it  will  be  seen  that,  from  tlie  voltage  diagram  (Fig,  106), 

^    IR  IR 


IX  I,  —  IXc  IXr.'—IXc 

sm  ^  = 


taii0: 


^^      V(iR)'^+(iXi.-r\ 

IXi^-lXc 
IR       ' 


(81) 


63.  Significance  of  the  Algebraic  Sign  of  the  Angle  <f>. — During  the 
previous  iliscussioiLs  we  Imve  at  times  used  the  cxpn;.ssion  sin  (u>t  —  <t>)  and 
at  others,  sin  (w/-f-<>)  in  equations  for  the  voltage  or  current,  the  angle  <t> 
Ix'ing  always  the  angle  Ixitween  the  voltage  and  the  current. 

From  the  expression 

IXl-IXc 


sm  0  = 


V(//e)2+(/Xz,-/Xc)2' 


it  is  evident  that  <t>  may  come  out  either  positive  or  negative,  according  to 
which  reactance  drop  is  the  greater. 

In  Fig.  106,  for  example,  the  current  has  been  chosen  as  the  reference 
vector  and  positive  direction  of  rotation  has  been  assumed  as  counter-clock- 
\vis(\  As  the  voltage  vector,  E,  is  distant,  in  a  counter-clockwise  direction, 
the  angle  4>  from  the  reference  vector,  /,  the  angle  <t>  must  be  positive;  the 
expression  for  the  voltage  must  then  he  e  =  Em  sin  (u)/+0),  that  for  the  cur- 
rent having  been  assumed  as  t  =  /m  sin  ut.    This  is  indicated  in  Fig.  107a. 

If  the  construction  of  Fig.  106  had  given  a  voltage  vector  in  the  fourth 
quadrant,  as  a  result  of  IXc  being  greater  than  IXt,  then  the  voltage  vec- 
tor would  be  displaced  from  the  current  vector  in  a  cUx  kwisc  di nation  by 
the  angle  <t>,  and  <t>  would  be  negative;  the  expression  for  tin-  voltage  would 
then  he  e  =  Em  (sin  (j)i—<f>)  as  is  indicated  in  Fig.  1076. 

If  the  voltage  vector  had  been  used  as  the  reference  and  expressed  by 
e  =  i?„  sin  od,  the  proper  expression  for  the  current  would  be  i  =  /,„  sin  (u)t  —  ^) , 
as  /  is  displaced  in  a  clockwise  direction  from  E.  The  vector  diagram 
would  then  appear  as  in  Fig.  107c.  If  /A'cwere  greater  than  IX l  the 
current  would  lead  the  voltage.  Using  the  voltage  vector  as  the  refer- 
ence and  expressing  it  by  e  =  E^  sin  «<,  the  expression  for  the  current 
would  be  i=Im  sin  (a)<+0),  as  indicate<l  in  Fig.  107d. 

64.  Impedance  Diagram  for  a  Circuit  Containing  Resistance,  Induc- 
tance, and  Capacitance  in  Series. — I'x^uation  (79)  indicates  that  to  find 
the  impedance  of  the  series  circuit  containing  resistance,  inductance,  and 
caimcitance,  it  is  necessary  to  combine,  at  right  angles,  the  diflference 
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between  the  inductive  and  capacitive  reactances,  and  the  resistance,  the 
operation  being  indicated  by  the  scalar  diagram  of  Fig.  108.     As  Fig.  108 


reference 
vector 


iji  —  Iwsin  (cut-  <p)) 
I 


(C) 


reference 
vector 


Fiu.  107. — Vector  diagram  for  the  various  voltages  in  a  circuit  consisting  of  induct- 
ance, capacitance,  and  resistance  all  in  series. 

is  the  result  of  dividing  the  IR,  (IXl—IXc),  and  IZ  drops  of  Fig.  1066, 
by  the  current,  it  follows  that  in  the  impedance  diagram  of  Fig.  108,  the 
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imluctive  reactance,  Ax,,  ^ilould  be  drawn  90®  ahead  of  the  resistance, 
and  the  capacitive  reactance,  Xc,  90®  behind  the  resistance,  to  make  the 
diagram  consistent  with  the  others  we  have  used. 
From  the  impedance  diagram  (Fig.  108)  we  have 


008  ^< 


sin  0< 


tan<^= 


R 


R 

Xl^Xc Xl  —  Xc 

z 

Xl~Xc 

R      ' 


VR^-\-iXL-Xcf 


(82) 


and 


65.  Power  in  a  Circuit  Containing  Resistance,  Inductance, 
Capacitance  in  Series. — In  Fig.  110 
the  volt^ampere  curves  correspond- 
ing to  the  curves  of  Fig.  109  are 
plotted,  being  olitained,  as  before,  by 
plotting  the  instantaneous  products 
of  current  and  IR  drop,  IXl  drop, 
JXc  drop,  and  impressed  voltage, 
respectivelj'.  As  before,  the  curves 
representing  the  product  of  the  cur- 
rent and  the  IXl  and  IXc  drops 
are  sine  waves  and  have  equal  posi- 
tive and  negative  loops,  respectively. 
It  will  be  seen,  however,  that  these 
curves  lie  relatively  180*  apart; 
when  the  inductance  is  absorbing 
energ>',  the  capacitance  is  giving  up 
enei^',  and  vice  versa.  The  net 
reactive  volt-ampere  curve  for  the 
entire  circuit  would  be  the  difference 
between  the  two  reactive  volt-am- 
pere curves  shown.  The  energ>'  dis- 
sipated by  the  entire  circuit  is  indicated  by  the  PR  curve. 

Beginning  with  time  =  0,  we  see  that  both  inductance  and  resistance 
are  drawing  energy  from  the  source,  while  the  capacitance  is  giving  up 
energy.  For  the  case  considered,  the  inductance,  beginning  with  time=0, 
absorbs  more  energy  than  the  capacitance  is  giving  up,  so  that  the  dashed 
curve  (product  of  instantaneous  values  of  current  and  impressed  voltage) 
lies  above  the  full-line,  or  PR  curve.  At  time=T  2,  neither  inductance 
nor  capacitance  is  drawing  or  giving  up  energy,  so  that  the  dashed  and 
full-line  curves  intersect.    After  time=T  2,  the  inductance  gives  up  its 


Fio. 


108. — Impedance  diagram  of  the 
circuit  of  Fig.  105. 
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energy  to  both  the  capacitance  and  the  resistance,  but  up  to  about 
time=-^  (for  the  case  considered)  the  resistance  and  capacitance  require 
more  energy  than  the  inductance  can  furnish,  so  that  the  circuit  is  still 


Fig.  109. — Curves  of  current  and  voltages  in  a  circuit  containing  a  resistance-less  coil, 
a  resistance,  and  a  condenser  in  series. 


Fig.  110. — The  volt-ampere  and  |>owcr  curves  for  the  circuit  from  which  the  curves  of 

Fig.  109  were  obtained. 

drawing  energy  from  the  source.     Between  time  about  -rr  and  time  =  7r, 

the  resistance  and  capacitance  do  not  require  all  the  energ>'  being  given 
up  by  the  inductance,  so  that  the  surplus  is  given  back  to  the  source. 
To  determine  by  the  calculus  an  expression  for  the  average  power,  when 
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a  viiltap"  of  the  form  i?«  sin  U  is  impressed  on  a  circuit  containing  resistance, 
iiuluctance,  and  capacitance  in  series,  we  proceed  as  on  pages  93  and  103. 
The  resulting  current  will  have  the  form  /«  sin  (<at—<t>)  or  K.  sin  {(at+<t>) 
depending  upon  whether  the  current  lags  behind  or  leads  the  volt  by  the 
angle  <t>.  ^\^lcn  the  inductive  reactance  is  greater  than  the  capacitive 
reactance,  the  current  lags  behind  the  voltage,  and  vice  versa. 
We  need  then  to  evaluate  the  expression 

Average  power=-  |    E^  sin  atXlm  sin  {<al±4>)d(bd). 

'"'Jo 

This  has  been  shown  (pages  93  and  103)  to  reduce  to 

P  =  EI  cos  <t>. 

66.  Circuit  Containing  Several  Resistances,  Inductances,  and  Capaci- 
tances in  Series. — From  what  has  been  said  Ix'fore,  it  follows  that 


E  =  IZ^lV(R'+R"-{-. .  .y^+\{X'^+X'\+. .  .)-(X'c+A'"c+.  .  .)P. 
Z  =  V(fi'+/e"+. .  .)2+[(A"x.+A'"r+T.  .)-(X'c+A'"c+. .  .)P.     . 


cos  <t> 


R'+R"-\- 


sm  <t> 


(x'c-^x\+ . .  .)-(x^c+rv+ . . .) 


(83) 
(84) 
(85) 

(86) 


1-0.03    R.-S 


1 


110  volt* 
90  Cycle* 


C  — 100  m.f . 


L,-0.01 


R«-' 


E, 


J 


67.  Example. — Two  air-core   inductance  coils   and   a   condenser   are 
placed  in  series  across  a  110- 
volt,  60-cycle  source  of  power,  "^  ' 

as  in  Fig.  111.  The  constants 
of  coil  No.  1  are  Li=0.03 
honrj',  Ri  =  '6  ohms;  of  coil 
No.  2,  L2  =  0.01  henry,  R2  = 
7  ohms;  of  the  condenser,  C  = 
100  microfarads,  losses  negli- 
gible. It  is  desired  to  know 
the  current  which  will  flow, 
the  power  factor  of  each  part 
and  of  the  entire  circuit,  the 
voltage  across  each  part  of 
the  circuit,  and  the  power 
lissipated  in  each  part  and  in  the  entire  circuit. 

The  reactances  of  the  two  coiLs  are 

A'i=2tX60X0. 03  =  11.31  ohms, 
X2  =  2tX60X0.01=  3.77  ohms. 


vp 


Fuj.  111. 


\  poanble  actual  circuit  having  coik 
in  serieB  with  a  condenser. 
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The  reactance  (and  impedance)  of  the  capacitance  is 

106 


Xc  =  , 


:  26.52  ohms. 


27rX  60X100 
The  impedances  of  the  two  coils  are 

Zi  =  V32+(27rX 60X0. 03)2  =  v'32+l  1.312  =  n  70  ohms, 
Z2  =  V72+(27rX60X0.01)2  =  \/72+  3.772=  7.95  ohms. 
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Fig.  112.  Fig.  113. 

Fig.  112. — The  impedance  diagram  of  the  circuit  of  Fig.  111. 
Fig.  113.— The  voltage  diagram  of  the  circuit  of  Fig.  111. 

The  impedance  of  the  entire  circuit  is  (Fig.  112), 

Z=V(fli+iJ2)2+(Xl+Z2-Xc)2 

=  V(3+7)2+(ll. 31+3. 77-26. 52)2 

=  Vl02+(15. 08-26. 52)2  =  Vl02+(- 11. 42)2 

=  VlOO+130.8  =  15.2  ohms. 
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When  the  circuit  is  plaoed  across  a  1 10-volt,  60-cycle  source  of  power, 
the  current  will  be 

.    E     110     _  „, 

y^TK^  amperes. 

The  power  factor  of  coil  No.  1  will  l)e 

COS  01  =  77^  =  -r-=7  =  0.2564,  so  that    0l=75.15^ 

/j\     1 1 .  #  u 

The  power  factor  of  coil  No.  2  will  be 

co6^  =  f?  =  =-^  =0.8805,  so  that    </.2  =  28.3*. 

The  power  factor  of  the  capacitance  is  zero  and     <i>c  —  90**. 
The  power  factor  of  the  entire  circuit  is 

cos  0  =  ^^^t??=7^=O. 6579,        so  that      4>^4S.r. 

The  voltage  across  coil  No.  1  will  be 

£:i  =  /Zi  =  7. 24X11. 70=84. 7  volts, 
which  voltage  leads  the  current  by  75. 15®.     (Fig.  113.) 
The  voltage  across  coil  No.  2  will  be 

£2  =  /Z2  =  7. 24X7. 95  =  57. 6  volts, 
which  leads  the  current  by  28.3°. 

The  voltage  across  the  capacitance  will  be 

^^  = /Zc  =  7 .  24 X26 . 52  =  192 . 0  volts, 
which  lags  90**  behind  the  current. 

The  total  resistance  drop  of  the  entire  circuit  is 
Jg^  =  //j  =  7. 24X10  =  72. 4  volts, 
and  the  total  reactance  drop  is 

^x  =  /(Xi+X2-Xc)-7. 24(11. 31+3. 77-26. 52) 
=  7  24(- 11. 44)  =  82. 8  volts, 

which  lags  90°  behind  the  current. 

As  a  check  on  our  work,  we  may  combine  the  voltages  across  the 
different  parts  of  the  circuit,  as  is  indicated  in  Fig.  113;  their  vector  sum 
is,  of  course,  the  impressed  voltage.    Thus 

E=V{Eico3  4n-\-E2COs  <h)^-\-{Ei  sin  4>i-\-E2  sin  H—Ec  sin  ^)^ 
=  V(84.7x0.2564+o7.6x0.8805)='+(84.7x0.9666-H57.6x0.4741-192.0)» 
=  V(21.7+50.7)^+(81.94-27.3-192JOp 
=  V72. 42+(109. 2- 192.0)2  =  V72.42+(-82. 8)2 
=  V5242+6856  =  Vl2098=110. 
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It  will  be  noted  that  the  component  of  the  impressed  voltage  in  phase 
with  the  current  is  the  total  resistance  drop,  and  the  component  of  the 
impressed  voltage  90°  out  of  phase  with  the  current  is  the  total  reactance 
drop. 

The  power  dissipated  in  coil  No.  1  is 

Pi=EiI  cos  </>!  =  84.7X7.24X0.2564  =  157.2  watts, 
or 

Pi  =  727^^  =  7.242x3  =  157.2  watts. 

The  power  dissipated  in  coil  No.  2  is 

P2  =  E2l  cos  (^2  =  57.6X7.24X0.8805  =  366.6  watts, 
or, 

P2  =  72/^2  =  7.242X7  =  367.1  watts. 

The  total  power  dissipated  is 

P  =  EI  cos  <A  =  110X7.24X0.6579  =  524.0  watts, 
or, 

P  =  PR  =  7.242  X 10  =  524.2  watts, 
or, 

p  =  Pi4-P2  =  157.2+366.6  =  523.8  watts. 

The  difference  in  the  results  for  total  power  is  due  to  lack  of  precision 
in  the  arithmetical  work. 

Example. — An  iron-core  inductance  and  a  condenser  with  a  high 
dielectric  loss  were  placed  in  series  across  a  60-cycle  source  of  power,  and 
the  circuit  drew  a  current  of  7.6  amperes,  as  indicated  by  an  ammeter 
placed  in  the  circuit.  A  voltmeter  placed  across  the  inductance  coil  read 
81  volts,  and  when  connected  across  the  condenser  read  100  volts.  The 
power  dissipated  in  both  the  iron-core  inductance  and  the  condenser  was 
determined  by  a  wattmeter;  the  inductance  dissipated  577  watts  and  the 
condenser  52  watts.     What  voltage  was  impressed  upon  the  circuit? 

The  effective  resistance  of  the  coil  was 

p      Wl    577      ,„    , 
/?z,  =  -j2-=  7-^2  =  10  ohms. 

The  effective  resistance  of  the  condenser  was 

/tc  =  -72"  =  7~«2  =  0-^  ohms. 

The  resistance  drop  of  the  coil  was 
//2i,  =  7. ex  10  =  76  volts, 


or, 


/E,^  =  !^  =  |ZZ  =  76  volts. 

I  7.D 
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The  resistance  clrup  of  tin-  coiulciisi?r  was 
/«c  =  7. 6X0. 9  =  6.0  volts, 


or, 


IRc  = 


Wc 


:^»6.0  volte. 


With  an  impedance  drop  across  the  coil  of  81  volts,  the  reactance  drop 
of  the  coil  was 

/Xi  =  V(/ZJ2_(//2^)2  =  V8l2-762  =  28  volts. 

The  reactance  drop  of  the  condenser  was 

/Xc=V(/Zc)2-(/«c)2  =  Vl002-6. 92=99. 8  volts. 

The  impressed  voltage  was  therefore 

g=V(//?^+/ffc)2-f(/A'x,-/X^2 

=  V(76+6.9)2+(28-99.8)2 
=  V82.92+(-71.8)2 =110  volts. 

Evidontly  the  current  wa.s  leading  the  voltage. 

68.  Resonance  in  a  Series  Circmt — The  general  equation  for  current 

in  a  series  circuit  is 

E 


/  = 


^/P+(2x/L-^)^ 


(87) 


The  impedance,  which  controls  the  magnitude  and  phase  of  the  current 
for  a  given  impressed  voltage, 
is    made    up    of   three    inde- 
pendent terms;  of  these  the 
resistance   is   independent   of 
the    frequency,    whereas  the 
two  components  of  the  reacts 
ance  terms  depend  directly  on 
the  frequency  for  their  values. 
The   manner   in  which   these 
two  reactance  terms  varj'  with 
frequency  is  indicated  in  Fig. 
114;     no    matter    what    the 
values  of   L  and   C   may  be,  F'o-  I U.— Showing  how  the  reMtance  of  a  coil 
these  two  reactance  terms  will       (3./L)  and  that  of  a  ooodeDser  (2;^)  ^^^ 
vary  in  the  manner  shown,  as      ^th  frequoicy. 
the   frequency   is  varie<l.     It 

then  appears  that  no  matter  what  the  actual  values  of  L  and  C,  there  must 
be  some  frequency  for  which  the  two  reactance  terms  are  equal,  so  that  the 
total  reactance  (the  arithmetical  difference  of  the  two)  will  be  zero. 
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This  frequency,  called  the  resonant  frequency  of  the  circuit,  is  evi- 
dently given  by  the  relation 

2./L=2;lg, (88) 

or, 

^=^ '''' 

For  this  frequency  the  general  equation  for  the  current  flow  reduces 
to  the  simple  form 

/=|, (90) 

that  is,  the  circuit,  actually  containing  resistance,  inductance,  and  capaci- 
tance in  series,  acts  as  though  it  had  resistance  only. 

Dangerously  high  voltages  may  be  set  up  in  a  series  circuit  at  the  reso- 
nant frequency.  The  drop  across  the  coil,  for  example,  is  IXl  (on  the 
assumption  that  the  resistance  of  the  coil  is  negligible  in  comparison  to  its 
reactance),  and  if  we  substitute  the  value  of  I  from  Eq.  (90),  this  becomes 

E,=:IXr.  =  ^Xr.  =  E?f^ (91) 

The  reactance  of  a  coil  may  be  many  times  as  great  as  the  resistance 

27r/L 

of  the  series  circuit  of  which  it  forms  a  part,  so  that  the  fraction  —5-  may 

have  values  as  high  as  10  or  20,  at  ordinary  engi- 
neering frequencies.      In  radio  circuits,  because  of 
the  excessively  high  frequencies  used,  this  ratio  of 
IX|  -2ir/Ll  reactance  to  resistance  may  easily  be  100  or  more. 

This  means  that  the  drop  across  the  coil  may  be  as 
much  as  100  times  as  great  as  the  voltage  impressed 
I  R'-'E  I         on  the  circuit.    Furthermore,  as  the  reactance  of  the 

condenser  is  equal  to  that  of  the  coil  at  the  resonant 
L"-l   c"""      frequency,   it  follows  that  the  voltage  across  the 
condenser   in   a  series  circuit  may  be  many  times 


IX 


^f^  the  impressed  voltage  of  the  circuit,  and  herein  lies 

the  danger  of  scries  resonance;  the  condensers  are 

very  likely  to  be  broken  down  by  excessive  voltage, 

Fig.  115. — At  some  fre-  even  though  the  impressed  voltage  is  much  less  than 

quency  the  total  re-  ^j^g   value   for    which  they  are  guaranteed  to  be 

actance    of   a   circuit        <? 

having  a  coil  in  series  J       ■■-,•  •       1  ^^  e 

with  a  condenser  must          ^^   Fig.    115   is  shown    the  vector  diagram    of 

be  zero.  voltages  in  a  series  circuit  in  resonance ;    the  two 

reactance  drops  are  equal  and  opposite,  making  the 

total  reactance  drop  zero,  so  that  all  of  the  impressed  voltage  may  be  used 
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up  in  ovcrcoramg  the  IR  reaction  of  the  circuit.  The  current  is  thus  in 
phase  with  the  impressed  voltage,  and  the  power  factor  of  the  whole  circuit 
is  therefore  unity.  It  is  to  be  remembered,  of  course,  that  the  power  factor 
of  the  coil  is  not  unity,  neither  is  that  of  the  condenser;  in  fact,  the  power 


Fig.  116. — Voltage  and  current  curves  for  a  circuit  in  series  resonance. 


Fio.  117. — Power  relations  in  a  series  resonant  circuit;  when  the  coil  requires  energy 
(its  magnetic  6cl(l  being  on  the  increase)  the  condenser  is  giving  up  energy  at 
just  the  right  rate  to  supply  the  coil,  and  vice 


factors  of  these  two  component  parts  of  the  circuit  are  generally  very  low. 
It  is  only  when  the  whole  circuit  is  considered,  coil  in  series  with  the  con- 
denser, that  the  power  factor  is  seen  to  be  unity. 

In  Fig.  116  the  wave  forms  of  the  different  voltages  of  a  resonant 
circuit  are  plotted,  and  in  Fig.  117,  the  corresponding  volt-ampere  curves 
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are  given.  From  the  latter  it  will  be  seen  that  when  the  inductance 
requires  energy,  the  capacitance  is  giving  up  energy,  and,  the  circuit  being 
in  resonance,  the  condenser  is  giving  up  energy  at  exactly  the  same  rate 
as  the  coil  requires  it;  correspondingly,  when  the  condenser  requires  energj'^ 
the  coil  is  giving  it  up.  The  stored  energy  in  the  circuit  thus  stays  constant, 
sometimes  being  resident  in  the  coil,  sometimes  in  the  condenser,  and  at 
other  times  being  partly  in  each.  The  source  of  power  supply  is  thus  not 
called  upon  to  furnish  energy  for  either  coil  or  condenser  (after  the  circuit 
once  reaches  the  steady  state);    all  of  the  energy  which  flows  from  the 
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Fig.  118. — Showing  how  the  current  in  a  resonant  circuit  varies  with  frequency, 
the  impressed  voltage,  inductance,  and  capacitance  being  constant;  the  resonance 
peak  is  more  accentuated  the  lower  the  resistance. 

source  is  used  up  in  the  resistances  of  the  circuit  and  thus  the  power  factor 
of  the  circuit  is  unity. 

69.  Form  of  Resonance  Curve. — If  the  voltage  impressed  on  a  series 
circuit  (consisting  of  a  coil  in  series  with  resistance  and  a  condenser),  is 
kept  constant  and  either/,  L,  or  C,  is  continuously  varied,  the  current  will 
increase  to  a  maximum  and  then  fall  again,  as  is  indicated  in  Fig.  118, 
showing  the  result  of  a  test  in  which  the  frequency  was  varied; 
such  a  curve  is  called  the  resonance  curve  of  the  circuit.  The  sharpness 
of  the  curve  depends  upon  the  resistance  in  the  circuit.  Curve  No.  1 
shows  the  variation  of  current  in  a  circuit  containing  5.8  ohms;  and  curve 
No.  2  shows  the  variation  when  the  resistance  is  trebled. 
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Resonant  circuits  are  extensively  xisai  in  radio  receiving  seta,  their 
function  being  to  receive  certain  frequency  signals  much  more  easily  than 
other  interfering  signals.  In  such  circuits  the  reeonance  may  be  very  sharp, 
a  change  of  frequency  from  the  resonant  value  of  only  one  per  cent  suf- 
ficing to  cause  the  current  to  drop  to  a  small  fraction  (perhaps  only  one- 
tenth),  of  its  resonant  value.  The  sharper  the  resonance  curve,  the  easier 
it  is  for  a  rulio  set  to  "  tune  out  "  interfering  signals. 

70.  Example  of  a  Resonant  Circuit. — Suppose  we  have  a  pure  induc- 
tance of  0.1  henr>',  a  capacitance  of  70.4  microfarads  and  a  resistance  of  2 
ohms  connected  in  series  to  a  60-cycle,  110-volt  Hne.  How  much  current 
will  flnw  md  what  will  be  the  voltage  across  each  part  of  the  circuit? 

r  110  ,. 

/  =  =  =  55  amperes. 

V22-H(37.7-37.7)2  *^ 

The  drop  across  the  inductance 

=  2t/L/  =  377  XO  .  1 X  55  =  2073  volts. 

Across  the  condenser 

=  2073  volts. 


55 


377X70.4X10 


-« 


Across  the  resistance 


55X2=110  volts. 


71.  Solution  of  Parallel  Circuits. — The  parallel  circuit  is  not  in  general 
quite  as  easy  to  solve  as  is  the  series 
circuit,  this  being  due  to  the  fact  that 
the  constants  of  the  circuit  are  gen- 
erally given  in  such  units  that  the  par- 
allel circuit  requires  more  arithmet- 
ical computation  than  does  the  series 
circuit.  Consider  a  circuit  made  up 
of  two  inductive  branches  in  parallel, 
as  in  Fig.  1 19.  The  same  voltage,  E. 
is  impressed  on  both  branches. 

The  first  point  to  notice  is  that 
each  branch  may  be  treated  as  a  sim- 
ple circuit,  as  though  the  other  branch  were  not  there.    Thus,  if  a  certain 
voltage  E  is  impressed  on  branch  Xi,  Ri,  a  certain  current  will  flow,  its 


II 

0000       wvw 
X,            Ri 

0000            AAAAA 

I* 
I, 

r 

Fia. 


1 19. — A  simple  case  of  parallel 
circuiU. 


magnitude  and  phase  being  given  by  Ii 


E 


and  tan  ^i  =  -k^. 


Now  this  current  unll  be  the  same  in  magnitude  and  j^uue  no  matter  how 
many  paths  are  connected  in  parallel  with  it,  providetl  the  impressed  voltage 
is  not  altered  by  connecting  in  the  additional  paths. 

Each  of  the  currents,  /i  and  h,  having  been  calculated  separately,  the 
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line  current,  /,  is  obtained  by  adding  vectorially  the  two  branch  currents; 

this  is  indicated  in  Fig.  120. 
In  case  several  paths,  instead 
of  only  two,  are  connected  in 
parallel,  the  procedure  is  just 
the  same;  each  current  is  cal- 
culated from  the  impedance  of 
the  path  in  question,  and  then 
all  branch  currents  are  added 
vectorially  to  get  the  line  cur- 
rent. 

The  easiest  way  to  solve 
the  problem  analytically  is  to 
resolve  both  7i  and  1 2  (Fig. 
120)  into  their  active  and  re- 
active components.  The  sum 
of  the  active  components  gives 
the  active  component  of  the 
line  current,  and  the  sum  of 
the  reactive  components  gives 
Referring  to  Fig.  120,  we  see 


120. — The  current  diagram  for  the  circuit 
of  Fig.  119;  the  Une  current  is  the  vector  sum 
of  the  branch  currents. 


the  reactive  component  of  the  line  current, 
that 

Active  component  of  1  =  1'  =  Ii  cos  <^i+/2  cos  <t>2 

=:?.v-l-l-— v:^ 

1        Zl       Zj2       Ci2 

ERi     ER2 


Z2' 


=  E 


='( 


R^ 


R2 


Ri^+Xi^ 


(92) 


(93) 


In  the  same  way  we  find  the  reactive  component  of  the  line  current. 
Reactive  component  of  7  =  I"  =  /i  sin  0i  -j-h  sin  02 

,X2 


E      X\  ,  E 

^1 


EXi 


Zl    Z2 

EX2 

'Zl 


X- 


X, 


^+Xi^^R'^+X 


i) 


(94) 


(95) 
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The  power  factor  of  the  combined  paths  is  given  oy  the  expression 


cos  ^  = 


:iii(l  tln>  imiwclancc  of  the  combined  paths  is  given  by 

E 


Z  = 


(96) 


The  branched  circuit  may  now  \)c  replaced  by  a  single  circuit;  if  the 
proper  H  and  A'  are  calculated  for  it, 
the  single  circuit  will  act  electrically  in 
exactly  the  same  way  as  the  actual 
branched  circuit  for  which  it  has  been 
substituted. 

The   impedance  of   the    equivalent 
single  circuit  is  given  by  the  relation 

E 

Z  =  yr,  and  the  two  components  of  this 

equivalent  impedance  by 

R  =  Z  cos  <t>    and     X  =  Z  sin  <)>. 
A   transformation    of   this   kind    is 


(6) 


-OJCW" — vww- 

X  R 


1 

shown  by  Fig.  121.     The  branched  cir-    f,„.  i21.-The  general  solution  of  cir- 


cuits  having  branched  sections  re- 
quires that  the  parallel  i>ortion8  be 
replaced  by  equivalent  series  cir- 
cuits; the  circuit  in  (a)  can  be 
reduced  to  that  in  (6). 


cuit  is  solved  as  indicated  alx)ve,  to  get 

the  line  current,  and  the  phase  of  this 

current.     The  final  answer  will  be  the 

same  no  matter  what  voltage  we  assume 

Is  impressed  on  the  branched  circuit ;  the 

X  and /J  of  the  single  equivalent  circuit,  indicated  in  part  b  of  Fig.  121, 

will  prove  to  l)e  the  same  for  all  voltages.     To  simplify  the  arithmetical 

work  wo  a<<uiue  100  volts  impressed  on  the  branched  circuit. 

Zi  =  V8H^=10ohm8. 

1 1  =  J]^  =  10  amperes. 

/'i  =  /i  cos  01  =  10X0.8  =  8  amperes. 
7"i  =  1 1  sin  01  =  10  XO .  6  =  6  amperes. 

Z2  =  >/32HHP  =  r)ohm8. 

^2 = ^-^  =  20  amperes. 

7'2  =  /2  cos  02  =  20X0.6  =  12  amperes. 
/"2  =  /2  8in  02  =  20X0.8  =  16  amperes. 
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I'  =  I' I  +  /'2  =  8+ 12  =  20  amperes. 

r'  =  7"i+7"2  =  6+16  =  22  amperes. 

I  =  y/{I'f+{I"f  =  V202+222  =  29 .  73  amperes. 

„    J5J      100       ^  ^_    , 
^  =  7  =29773=^-^^  ^^°'^- 

^«^  =  T  =  2l^  =  ^-^^27. 

I"        22 
sin  <^  =  y  =  2g-^  =  0. 7400. 

i2  =  Z  cos  <^  =  3. 37X0. 6727  =  2. 27  ohms. 
Z  =  Zsin  </)  =  3. 37X0. 7400  =  2. 49  ohms. 

72.  Admittance,  Conductance,  Susceptance, — So  far,  in  dealing  with 
alternating-current  circuits,  we  have  analyzed  them  from  the  idea  of  the 
impedance  of  the  circuit,  that  is,  the  quantity  by  which  the  voltage  must  be 
divided  to  get  the  current.  In  dealing  with  parallel  circuits,  however,  it  is 
generally  easier  and  shorter  to  deal  with  the  quantity  by  which  the  voltage 
must  be  multiplied  to  get  the  current;  this  is  evidently  the  reciprocal  of  the 
impedance.     In  paragraph  71  we  used  this  method  of  solution. 

We  have 

I  =  ^  =  E^^EY,       (97) 

where  Y  is  called  the  admittance  of  the  circuit,  and  is  generally  designated 
by  the  letter  Y,  as  is  done  here.  The  expression  for  the  value  of  Y  will  be 
given  later. 

We  have 

Active  component  of  1  =  1'  =  1  cos  </> 

=fx|-^l-^« W 

The  expression  ^  is  called  the  conductance  of  the  circuit,  and  is  gen- 
erally designated  by  the  letter  G.  It  is  the  quantity  by  which  the  voltage 
must  be  multiplied  to  give  the  active  component  of  current  in  the  circuit. 

In  the  same  way 

Reactive  component  oi  1  =  1"  =  1  sin  0 

=  ~X^  =  E^  =  EB (99) 

X 

The  expression  ^^  is  called  the  susceptance  of  the  circuit,  and  is  gen- 
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erally  clesiRnatccl  by  the  letter  B.  It  is  the  quantity  by  which  the  voltage 
must  be  multiplied  to  get  the  reactive  component  of  current  in  the  circuit. 

Just  as  the  reactance  of  a  circuit  has  an  algebraic  sign,  Ix'ing  positive 
or  negative  according  as  the  circuit  is  inductive  or  condcnsive,  so  susceptance 
must  1h!  used  with  its  proper  sign. 

In  Fig.  122a,  the  current  /"  leads  the  voltage  E,  the  angle  <t>i  being  pos- 
itive.    Wo  havo 

X 

I" -I  sin  «^i=£'^  =  ^Xsusceptancc. 


As  sin  01  is  positive,  we  must  evidently  consider  the  capacitive  suscept- 
ance as  positive. 

In  Fig.  122?),  however,  the  conditions  for  an  inductive  circuit  are  shown, 
and  we  again  have 


/"  =  /  sin  02  =  E^  =  EX suscepta 


nee. 


As  sin  02  is  negative,  »>l.  being  in  the  fourth  quadrant,  we  must  consider 


I  ' 


0^ 


J-^ 


I 


T" 


!I 


(a)  (6) 

llip  current  in  a  circuit  may  be  resolved  into  two  components,  one  in 
phase  with  the  voltage  and  one  at  90°  to  it. 


inductive  susceptance  as  negative.  In  many  cases  the  sign  of  the  sus- 
ceptance is  of  no  importance,  as  the  expression  used  in  solving  the  problem 
involves  the  susceptance  only  after  it  is  squared.  But  it  is  very  necessary 
to  keep  in  mind  the  proper  sign  for  the  two  kinds  of  susceptance  when  a 
problem  involves  both  of  them.  Thus,  if  a  condensive  circuit  is  in  parallel 
with  an  inductive  circuit,  the  two  reactive  components  of  current  actually 
tend  to  neutralize  each  other,  a  fact  which  is  properly  cared  for  in  the  solu- 
tion of  such  problems  if  one  susceptance  is  reckoned  positive  and  the  other 
negative. 
As 

it  follows  that 


or, 


'-"'yJiff+iW <""^ 


-n^ — II ^AA^ 

\ /  Ra 
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from  which  we  see,  by  comparison  with  Eq.  (97),  that  admittance  of  the 
circuit  is  given  by 

^=V(l)'+(iy (^«') 

In  solving  problems  by  the  help  of  the  above  expressions,  it  is  to  be 
noted  that  the  impedance,  Z,  need  never  be  calculated,  as  it  is  Z^,  not  Z, 
which  occurs  in  all  the  expressions. 

In  case  a  circuit  consists  of  two  or  more  branches  in  parallel,  the  con- 
ductance of  the  combined   circuit  is 
Xj  R,  equal  to  the  sum  of  the  conductances 

I — ''UW^ ^AAA^ 1  of  the  several  paths,  and  the  combined 

susceptance  is  equal  to  the  sum  of  the 
susceptances  of  the  various  paths.  In 
the  case  of  the  conductances,  the  sum 

A/WV '  is  always  an  arithmetical  one,  as  all 

*  ^  conductances    (with   rare   exceptions) 

Fig.  123.-Such  a  circuit  as  this  must   ^^.^  positive;    but  in  the  case   of   sus- 
be   solved    bv  the   method  of  admit-  ,  ,i       •     i-    •  i      i 

tances,  the  conductances  and  suscept-  ceptances,  the  mdividual  susceptances 
ances  for  the  various  paths  being  may  be  either  positive  or  negative 
respectively  added.  according  as  the  circuit  is  condensive 

or  inductive  as  noted  above.  In  this 
case  the  sum  must  therefore  be  an  algebraic  one,  susceptances  for  con- 
densive circuits  being  reckoned  positive,  and  for  inductive  circuits  being 
reckoned  negative. 

We  have  then,  for  a  circuit  of  three  branches,  as  indicated  in  Fig.  123. 

r  =-— ^L—     r  —      ^2  r  =___?2__  (^c\9^ 

G  =  Gi+G2-\-G3 (103) 

^'^W+X?'    ^^^W+X?'    ^'"/^a^+AV    ■     •     ^^^'^^ 
B  =  Bi+B2-\-B'i.     . (105) 

In  this  case  (Fig,  123)  B\  is  negative,  B2  is  positive  and  B3  may  be 
either  positive  or  negative  according  as  the  capacitive  reactance  of  the 
branch  is  greater  or  less  than  the  inductive  reactance.  In  case  the  capaci- 
tive reactance  is  the  greater,  the  algebraic  sign  of  B3  is  positive,  and  vice 
versa. 

The  unit  for  either  admittance,  conductance,  or  susceptance  is  the  mho, 
sometimcc  called  the  "  reciprocal  ohm." 
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Tin'  admit taiuT  of  th«'  etHuhinod  paths  is  then  given  by 

Y=V^TW, (106) 

and  tljc  phase  angle  of  the  combined  paths  is  given  by  one  of  the  expres- 
sions 

R                  C                          /? 
tan0  =  T^,    co6  0=y.,    or    sin0=,, (107; 

73.  Example. — As  an  example  of  this  method  of  solving  problems 
involving  parallel  circuits,  we  shall  solve  the  two-path  problem  of  Fig, 
121,  which  has  already  been  solved  without  actually  calculating  admit- 
tance and  susceptance. 

C?i=g2^=0.08mho. 

3 
G2  =  o2_i_42  =  0-^2  mho. 

(?  =  Ci+G2= 0.20  mho. 

Bi  =  g2q:g2=006mho. 

4 
^2  =  ^  ■  .2=Q^6  mho. 

B  =  Si+B2  =  0.22  mho. 
Y  =  Vo. 202-1-0. 222  =  0 . 2973  mho. 
/  =  £r=  100X0.2973  =  29.73  amperes. 
4.      ^    0.22    ,   , 

*^'^^o:^=^-^' 
0  22 

Having  obtained  the  line  current  and  power  factor,  the  equivalent 
single  circuit  is  calculated  exactly  as  before. 

74.  Parallel  Resonance. — It  is  to  be  noticed  that  in  the  case  of  parallel 
circuits  having  inductive  reactance  in  some  branches  and  condensive 
reactance  in  others,  it  is  quite  pos.«<ible  that  the  reactive  current  in  the  line 
may  reduce  to  zero.    This  is  indicated  for  a  two-branched  circuit  in  Fig. 
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124.  The  current  in  branch  No.  1,  7i,  leads  the  hne  voltage,  having  a 
reactive  component  I"\.  The  current  in  branch  No.  2,  /2,  lags  behind 
the  line  voltage  and  has  a  reactive  current  I" 2.  As  these  two  reactive 
currents  are  equal,  and  opposite  in  phase,  the  line  current  will  have  no 
reactive  component,  but  will  be  exactly  in  phase  with  the  line  voltage,  E. 
Such  a  circuit  is  said  to  be  in  resonance,  and  to  distinguish  it  from  the  case 
of  resonance  in  a  circuit  having  coil  and  condenser  in  series,  the  circuit  is 
said  to  be  in  parallel  resonance. 

If  the  resistance  of  each  of  the  branch  circuits  is  low  compared  with  its 
reactance,  the  line  current  may  be  very  much 
smaller  than  either  of  the  branch  currents.  In 
the  case  of  radio  circuits,  for  example,  the  react- 
ance of  either  path  may  be  one  hundred  times  as 
great  as  the  resistance,  so  that  the  active  current 
in  the  branch  is  only  about  1  per  cent  of  the  total 
current.  Such  a  case  is  suggested  in  Fig.  125.  If 
the  reactance  of  either  path  is  one  hundred  times 
as   great   as  its  resistance,  the  line  current  for 


Fig.  124.  Fig.  125. 

Fig.  124. — For  a  two-branched  parallel  circuit,   it  may  happen  that  the  reactive 

currents  in  the  two  branches  just  neutralize  each  other  so  that  the  line  current 

is  in  phase  with  the  voltage. 
Fig.  125. — It  may  be  that  the  line  current,  in  the  case  of  parallel  circuits,  is  much 

less  than  the  current  in  either  branch;   such  a  case  is  shown  here. 

the  resonant   condition   is   only   2  per   cent   of   the   current   in   cither 
branch. 

From  Eq.  (95)  it  is  evident  that  if  there  is  to  be  no  reactive  current  in 
the  line  of  a  two-branched  circuit,  we  must  have  the  condition  that  A'l 
is  minus  and  X2  positive  (or  vice  versa),  and  that 

Xi  X2 


Ri'-hXi^ 


'R2^-\-X2^' 


(108) 
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In  case  the  resistances  arc  small  compared  to  the  reactances,  the  solu- 
tion for  this  condition  of  resonance  gives  essentially  the  same  value  for  the 
resonant  frequency  as  would  be  the  case  for  series  resonance,  that  is, 


/= 
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2tVTC' 
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Fk;.  126. — SSiowing  how  parallel  resonance  occurs;  here  arc  given  the  magnitudes  of  the 
line  current  and  branch  currents  in  the  region  of  resonant  frequency. 


Hence,  if  a  coil  and  condenser,  when  connected  in  scries,  are  in  reso- 
nance at  a  given  frequency,  they  will  also  be  in  resonance  for  the  same  fre- 
(juency  (nearly)  when  connected  in  parallel. 

For  a  pair  of  branched  circuits,  one  having  a  coil  and  the  other  a  con- 
denser, if  the  resistance  of  both  branches  is  small,  the  variation  of  current 
in  either  branch  and  in  the  line,  as  frequency  is  varied,  is  as  shown  in 
Fig.  126, 
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75.  Solution  of  the  General  Circuit. — In  the  most  general  ease,  an 
alternating-current  circuit  may  consist  of  portions  with  several  branches 
in  parallel,  and  these  portions  may  be  connected  in  series  with  other  por- 
tions, consisting  of  single  or  branched  circuits.  A  simple  case  of  this  kind 
is  indicated  in  Fig.  127. 

In  such  a  case  the  portion  between  points  B  and  C  is  first  reduced  to  an 

equivalent  single  circuit  by  either  of 
the  two  methods  previously  given.  The 
circuit  is  then  changed  from  the  ar- 
rangement shown  in  Fig.  127a,  to  that 
shown  in  b.  The  values  Xx  and  Rx  are 
those  of  the  series  circuit  which  is  elec- 
trically equivalent  to  the  branched  por- 
tion of  Fig,  127a.  The  final  simple 
circuit,  shown  in  c,  is  obtained  from  h 
by  puttingX  =  Xi-^Xx  and  R  =  Ri-\-Rx. 
This  same  method  of  treatment  holds 
good  no  matter  how  complicated  the 
circuit  may  be.  The  parallel  portions 
of  the  network  must  always  be  first  reduced  to  a  single  circuit,  and  the 
resistances  and  reactances  of  the  various  portions  of  the  complex  single- 
branched  circuit  are  then  obtained  by  adding  those  of  the  separate  parts. 


X. 


Ri 


TffOB'^ 
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Fig.  127. — Showing  how,  by  suc- 
cessive steps,  a  complicated  circuit 
is  reduced  to  a  simple  one. 
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1.  An  iron-core  coil  of  5000  turns  has  an  average  length  of  the  magnetic 
circuit  of  20  inches  and  an  average  cross-section  of  100  square  inches.  What  is  its 
inductance  in  millihenries  if  the  permeability  of  the  iron  is  500?  / 

2.  In  a  certain  circuit  the  resistance  is  10  ohms,  the  inductance  is  0.026 
henry,  and  the  frequency  is  25  cycles.  What  e.m.f.  is  necessary  to  cause  a  current 
of  5.4  amperes  to  flow?  What  current  would  flow  if  a  continuous  e.m.f.  of  this 
value  were  impressed? 

3.  A  resistance  of  1.2  ohms  in  series  with  a  coil  of  0.063  henry  is  connected 
to  a  25-cycle  source  of  75  volts  (effective).  What  is  the  current  and  angle  of  lag? 
Give  the  equation  expressing  the  instantaneous  value  of  the  current. 

4.  If  a  current  of  10  amperes  flows  through  a  circuit  of  2  ohms  resistance 
and  20  millihenries  inductance  when  connected  to  a  110-volt  a.c.  line,  what  is 
the  frequency?    Reactance?    Impedance? 

5.  The  resistance  of  a  circuit  is  5  ohms,  and  with  a  60-cycle,  185-volt  e.m.f. 
impressed,  a  current  of  20  amperes  flows.  What  is  the  inductance,  rcjictancc, 
and  power  factor  of  the  circuit? 

6.  An  iron-core  coil  having  1000  feet  of  No.  10  copper  wire  in  its  winding, 
has  a  hysteresis  loss  of  26  watts,  and  an  eddy  current  loss  of  8  watts,  when  a  cur- 
rent of  2.4  amperes  is  flowing.     What  is  the  effective  resistance  of  the  circuit? 

7.  In  a  certain  iron-core  coil  having  a  conductor  resistnnco  of  120  ohtns,  m 
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current  of  0.245  ampere  flows  when  connected  to  a  220-volt,  60-cycIe  line,  the 
core  loKK  being  28  watts.  What  in  the  value  of  L,  and  what  is  the  angle  of  lag 
of  the  cum-nt? 

8.  An  S-(ihm  coil  is  connected  to  a  UO-volt  line  in  which  w  =  377,  and  the 
current  lags  30**  behind  the  voltage.  Find  the  current,  inductance,  and  reactance 
of  thp  circuit. 

9.  Re(]uired  the  e.mi.  necessary  to  send  12.2  amperes  through  a  circuit 
having  30  ohms  resu«tance  and  an  inductance  drop  of  21.6  volts. 

10.  In  a  circuit  of  25  ohms  resistance  and  5  millihenries  inductance,  what  is 
the  largest  value  the  frequency  can  have  without  reducing  the  current  more  than 
2  per  cent  of  the  value  it  has  in  a  continuous-current  circuit? 

11.  A  voltmeter  has  a  resistance  of  1250  ohms  and  an  inductance  of  23  milli- 
hrnries.  It  Is  correct  on  a  60-cycIe  line.  What  is  the  maximum  value  the 
fnxjuency  can  have  without  the  error  e.xceding  1  per  cent? 

12.  For  an  inductive  circuit  R  =  o  ohms,  L=0.03  henry,  £=  150  volts,  /  =  12.3 
amperes.     Frequency? 

13.  Two  circuits  ha^'ing  resistances  of  3  and  20  ohms,  and  inductances  of 
0.12  and  0.036  henr>-,  respectively,  are  in  series.  A  current  of  16.3  amperes 
uj  flowing  at  60  cjeles.     VNTiat  is  the  impressed  voltage,  and  drop  across  each? 

14.  A  50-volt,  20-watt  lamp  is  to  be  operated  (at  rated  current  and  voltage) 
from  a  110-volt,  25-cycle  line  by  u.sing  a  proper  choke  coil  in  .«eries  with  it.  If 
the  coil  has  15  ohms  resistance,  what  must  be  its  inductance?  What  will  be  the 
drop  across  the  coil?    What  will  be  the  power  factor  of  the  circuit  and  of  the  coil? 

16.  Suppose  a  resistance  were  used  in  Prob.  14,  instead  of  the  choke  coil. 
WTiat  would  be  the  increased  cost  per  month  if  the  lamp  Is  operated  10  hours  a 
day,  power  at  $0.08  per  kilowatt-hour? 

16.  Given  two  circuits  having  i?i  =  5  ohms,  Rt  —  20  ohms,  Li=0.01  henr>', 
L,  =  0.02  henrj'.  If  an  alternating  current  of  350  amperes  with  w  =  600  be  put 
through  these  two  circuiti^  in  series,  what  e.m.f.  must  be  used,  and  what  will  lx> 
the  drop  and  angle  of  lag  for  each? 

17.  A  100-watt,  UO-volt  lamp  is  to  be  operated  (at  rated  power  and  voltage) 
from  a  220-volt,  60K;ycle  hne  by  means  of  a  suitable  choke  coil.  The  coil  has  a 
power  factor  of  0.12.  Wliat  must  be  the  inductance  of  the  coil,  and  what  is  the 
power  factor  of  the  combination? 

18.  A  circuit  of  ft  =  8,  X  =  2  is  supi^ied  over  a  transmission  line  of  0.6  ohm 
resistance  and  0.7  reactance.  If  the  generated  e.m.f.  Is  1100  volts,  what  will 
l)e  the  e.m.f.  at  the  load?  WTiat  will  be  the  r^^lation  of  the  line?  \N'hat  will 
i)e  the  actual  voltage  drop  in  the  line  when  supplying  the  load,  and  how  much 
tloes  the  Utad  voltage  change  if  the  load  is  open-circuited? 

19.  When  connected  to  a  110-volt,  60-cycle  line  through  a  resistance  of  2.5 
ohms,  a  condenser  draws  6.32  amperes.  What  is  its  capacity?  Angle  of  lead 
of  the  current?    Power  used?    Power  factor? 

20.  How  much  resistance  must  be  put  in  series  with  a  30-microfarad  condenser 
(ted  to  a  110-volt  500-cycle  generator  to  limit  the  current  to  3.2  amperes? 

will  be  the  drop  across  the  condenser? 

21.  A  2.>cycle,  100,000-volt,  160-mile  transmission  line  (assumed  single- 
phase  for  simplicity)  has  a  capacity  of  0.0123  microfarad  per  mile.     What  is  the 
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capacity   reactance?    What   must   be   the   rating    (in   kilovolt-amperes)    of  an 
alternator  used  to  keep  the  Une  alive  (no  load  on  the  hne)? 

22.  Two  circuits  in  parallel  on  a  2200- volt  line  have  resistances  of  5  and  12 
ohms,  and  inductive  reactances  of  2  and  20  ohms,  respectively.  Required  the 
Hne  current  and  line  power  factor. 

23.  Fifteen  25-watt,  110-volt  lamps  are  in  parallel  on  a  110-volt  60-cycle 
line,  to  which  is  also  connected  a  coil  of  5  ohms  resistance  and  4  millihenries 
inductance.     What  is  the  line  current,  angle  of  lag,  power  factor,  and  total  power? 

24.  A  5-ampere,  50-watt  lamp  is  to  be  operated  in  a  10-ampere  series  lighting 
circuit  by  the  use  of  a  proper  shunt  choke  coil.  Assuming  the  resistance  of  the 
coil  negligible,  what  must  be  the  inductance  of  the  coil? 

26.  An  induction  motor  taking  8  amperes  at  a  power  factor  of  78  per  cent  is 
operating  on  the  same  line  with  thirty  0.4-ampere  incandescent  lamps.  What 
is  the  line  current  and  power  factor? 

26.  A  coil  of  R  =  15  ohms  and  L  =  0.02  henry  is  connected  in  series  with  a 
120-microfarad  condenser  of  negligible  resistance.  The  line  voltage  is  110  and 
the  frequency  is  80  cycles.  What  is  the  line  current  and  power  factor?  What 
is  the  drop  across  the  coil  and  what  across  the  condenser? 

27.  A  coil  of  19  ohms  resistance  and  8  millihenries,  in  series  with  a  condenser 
of  120  microfarads  with  5  ohms  equivalent  series  resistance  is  connected  to  a 
60-cycle  line.  What  impressed  voltage  is  necessary  to  send  11  amperes  through 
the  circuit?  What  is  the  line  power  factor?  What  frequency  would  give  a  line 
power  factor  of  unity?     What  current  would  the  circuit  draw  at  this  frequency? 

28.  A  coil  of  25  ohms  resistance  passes  a  current  of  2  amperes  when  connected 
to  a  lOOO-volt,  60-cycle  line.  What  capacity  must  be  used  in  series  with  the  coil 
to  give  a  line  power  factor  of  unity?  What  would  be  the  drop  across  the  condenser 
in  terms  of  the  impressed  voltage? 

29.  A  condenser  of  20  microfarads  in  series  with  a  resistance  of  3  ohms  is 
connected  in  parallel  with  a  coil  of  40  millihenries  and  6  ohms  resistance.  The 
line  voltage  is  110  and  frequency  is  80  cycles.  What  is  the  line  current  and  line 
power  factor? 

30.  The  cost  of  a  certain  20,000  kv.a.  power  plant  complete  is  $125  per  kv.a. 
If  the  current  supplied  by  the  power  house  (on  the  average)  lags  by  35°,  what 
is  the  available  output  in  kw.?  What  is  the  decrease  in  value  of  the  plant  from 
the  value  it  would  have  if  the  load  had  a  unity  power  factor? 

31.  A  wattmeter  indicates  proportional  to  the  cosine  of  the  angle  between 
the  current  in  the  current  coil  and  that  in  the  potential  coil.  Required  the 
maximum  inductance  allowable  in  the  potential  circuit  (which  has  a  resistance 
of  1200  ohms)  in  order  that  the  error  with  a  60-cycle  current  shall  not  exceed 
5  of  1  per  cent,  the  maximum  lag  in  the  load  current  being  measured,  not  exceeding 
45°. 


CHAPTER  IV 
THE  POLYPHASE  CIRCUIT 

76.  Superiority  of  Polyphase  Power  over  Single-phase  Power. — The 
polyphase  system,  whether  two-,  three-,  or  six-phase,  is  evidently  more 
complicated  than  the  single-phase  system,  yet  practically  all  electrical 
power  systems  are  three-phase. 

It  has  been  shown  that  in  a  single-phase  circuit  the  power  is  pulsating. 
With  a  power  factor  equal  to  unity,  the  instantaneous  power  has  a  value  of 
zero  twice  in  each  cycle;  with  a  power  factor  less  than  unity,  the  instanta- 
neous power  is  not  only  zero  four  times  in  each  cycle,  but  is  negative  twice 
in  each  cycle.  Thus  the  power  received  by  a  single-phase  motor  from  its 
supply  line  is  zero  twice  each  cycle;  as  it  is  delivering  power  to  its  load  at 
a  practically  uniform  rate,  it  must  have  a  certain  amount  of  flywheel  action. 
The  motor  evidently  gives  out  its  energ>'  in  mechanical  form  at  an  essen- 
tially constant  rate,  but  obtains  it-s  electrical  energy  at  a  pulsating  rate. 
During  a  part  of  each  cycle,  it  must  therefore  store  sufficient  energy  in  its 
rotating  parts,  to  be  converted  into  mechanical  form  during  that  part  of 
the  cycle  when  no  energy  is  being  obtained  from  the  source. 

It  will  be  shown  that,  in  a  balanced  polyphase  system,  although  the 
power  of  any  one  phase  is  zero,  or  even  negative  at  certain  instants,  the 
total  power  of  all  the  phases  is  constant. 

There  are  three  important  reasons  why  polyphase  power  is  superior 
to  single-phase  power:  1.  Polyphase  apparatus  is  smaller  and  weighs  less 
than  single-phase  apparatus  of  the  same  capacity,  and  is  in  general  less 
complicated;  it  is  therefore  cheaper  to  build  than  single-phase  apparatus. 
2.  Polyphase  machinery  (induction  motors,  synchronous  converters,  etc.), 
has  better  operating  characteristics  than  single-phase  machinery.  3. 
Three-phase  power-transmLssion  lines  of  a  given  kw.  capacity,  voltage,  and 
specified  efficiency  of  transmission,  require  only  three-quarters  as  much 
copper  for  the  line  as  would  be  required  by  a  single-phase  line.  These 
points  will  be  discussed  in  detail  in  later  sections  of  the  text. 

77.  Two-phase,  Four-wire  System. — We  have  seen  (page  64)  that  if 
the  coils  on  the  armature  of  an  alternator  are  in  two  separate  groups,  so 
arranged  as  to  give  two  equal  voltages  90°  apart,  a  two-phase  alternator 
results.  Thus,  one  phase  consisting  of  one-half  of  the  armature  winding 
generates  one  of  the  two  voltages,  and  the  second  phase,  or  other  half  of 
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the  winding,  the  S3Cond  voltage.  In  practice  the  two  phases  of  a  two-phase 
alternator  generally  have  no  electrical  connection  within  the  machine,  the 
four  ends  of  the  two  phases  being  brought  out  separately  through  the  frame, 
as  in  Fig.  59. 

If  the  four  leads  coming  out  from  the  winding  are  continued  to  the  load, 


Two-phase 
Motor 


Fig.  128. — Various  ways  of  supplying  power  from  a  two-phase  four  wire  alternator. 

the  system  is  known  as  a  two-phase,  four-wire  system,  this  being  the  g(>n- 
eral  practice  when  a  two-phase  system  of  power  distribution  is  used.  The 
load  on  each  phase  may  consist  of  a  separate  bank  of  lamps,  as  in  Fig.  128a; 
one  of  the  two  phases  of  a  two-phase  motor,  as  in  Fig.  1286;  a  transformer 
which  in  turn  has  a  load  connected  to  its  secondary,  as  in  Figs.  128c  and  d; 
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or  any  suital>lt'  combination,  as  in  Fig.  128e.  In  FigR.  128a  and  b  the 
volt4iKo  p*norated  by  the  alternator  is  suitable  for  the  lamps  and  motor 
respectively ;  in  Figs.  128c  and  d,  it  is  not  suitable,  so  that  the  transformers 
are  necessary'.  In  Fig.  128c  the  voltage  generated  by  the  alternator  is 
sho\\'n  as  suitable  for  the  motor,  but  not  for  the  lamps,  hence  these  must  be 
connected  to  the  alternator  through  transformers. 

78.  Two-phase,  Three-wire  System. — If  two  of  the  terminals  of  a 
two-pha.se  altornator,  one  from  each  pha.so,  are  cxjnnected  together,  and  a 
similar  connection  is  made  at  the  load,  two-phase  power  may  be  trans- 
mitted over  three  wires,  as  in  Fig.  129.     One  wire  is  thus  common  to  the 

two  phases,  and  the  sys-  

tem  is  known  as  a  two-       /^ — V 1    i    ■    i 

phase,  three-wire  sj'stem.     /    1  / \ 1        r — Y  r  r  r 

Each  phase  of  the  load     I        ^^^^^    J  a  a  a  <s 

has   impressed    upon    it      \^J^^***-^7* 

the  voltage  generated  by     p,^   i29.-One  method  of  connecting  a  two-phaae  lamp 

the    respective   phase   of  Joad  to  a  two-phase  alternator. 

the  alternator,   so   that 

the  current  taken  by  each  phase  of  the  load  depends  only  upon  its  own 

resistance  and  reactance,  and  upon  the  value  of  the  voltage  impressed. 

The  current  taken  by  each  phase  of  the  load  is  thus  independent  of  the 

other  phase  of  the  load. 

If  both  phases  of  the  load  draw  current  of  the  same  numerical  value, 
at  the  same  power  factor,  the  current  drawn  by  one  phase  will  lead  that 
drawn  by  the  other  phase  by  90**  (Fig.  133).  The  current  flowing  in  the 
common  wire  will  then  be  the  vector  sum  of  two  equal  currents  90°  apart; 
by  reasoning  similar  to  that  on  page  66,  we  have 

7^  =  /v/2=1.414/, 

where  /« Is  the  current  in  the  common  wire,  and  /  is  the  current  per  phase, 
the  same  as  flows  in  each  outside  wire. 

When  two-phase  power  is  transmitted  by  three  wires,  the  cross-section 
of  the  common  wire  must  be  41.4  per  cent  greater  than  that  of  either  of  the 
two  outside  wires.  The  three-wire  system  is,  however,  more  economical 
of  copper  than  the  four-wire  system.  If  the  cross-section  required  bj-  the 
four-wire  sj'stem  is  considered  as  100  per  cent,  or  that  of  each  of  the  four 
wires  as  25  per  cent,  the  cross-section  required  by  the  three-wire  system 
will  l)e  (25X2) +(25 XI. 414)  =  50+35.3  =  85.3  percent. 

In  the  three-wire  system  there  is  the  disadvantage  that  the  voltage 
between  the  two  outside  wires  is  equal  to  the  voltage  per  phase  multiplied 
by  1.414  (page  66).  Better  insulation  is  thus  required  for  the  three-wire 
system  than  is  necessarj-  in  the  four-wire  sj'stem,  and  if  grounds  occur  on 
the  system,  persons  coming  in  contact  with  the  system  are  liable  to  be 
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subjected  to  higher  voltage  shocks  than  are  possible  in  the  four-wire  system 
with  the  same  voltage  per  phase. 

79.  Balanced  Polyphase  System. — A  polyphase  system  is  said  to  be 
balanced  when  the  conditions  in  all  phases  are  the  same,  that  is,  when  the 
voltage  impressed  upon  each  phase,  the  current  flowing  in  each  phase,  and 
the  power  factor  of  each  phase  are  the  same.  When  any  one  or  more  of 
these  three  quantities  are  not  the  same,  the  system  is  said  to  be  unbalanced. 

80.  The  Wattmeter. — From  what  has  been  said  in  the  previous  chap- 
ter, it  is  evident  that  the  power  used  in  an  alternating-current  circuit  can- 
not be  determined  by  employing  a  voltmeter  and  ammeter  as  would  be 
done  in  a  continuous-current  circuit.  If  it  were  possible  by  some  means 
to  determine  0,  the  phase  difference  between  voltage  and  current,  then  the 
power  could  be  calculated  from  the  known  value  of  0  and  the  readings  of 
these  instruments,  but  to  determine  4>  directly  it  is  necessary  to  use  either  a 
laborious  method  of  curve  plotting  or  else  special  instruments,  such  as  the 
oscillograph  or  power-factor  indicator;  these  instruments  are  not  generally 
available  for  this  purpose. 

An  indicating  instrument  has  been  designed,  however,  which  is  con- 
stantly used  on  a.c.  circuits,  and  will  actually  indicate  the  EI  cos  <f)  value 
for  any  circuit;  it  is  called  the  wattmeter.  There  are  two  coils  in  this 
instrument,  one  fixed  and  made  of  a  few  turns  of  comparatively  large 
conductor,  and  the  other  movable  and  made  of  many  turns  of  fine  wire. 
This  movable  coil  is  mounted  on  a  shaft,  fitted  with  jeweled  bearings,  so 
that  it  may  turn  inside  the  stationary  coil.  It  carries  an  indicating  finger 
which  moves  over  a  suitably  graduated  scale. 

It  will  be  proved  theoretically  in  a  subsequent  chapter  and  it  may  be 
proved  experimentally  in  the  laboratory,  that  such  an  instrument,  when 
properly  calibrated,  actually  reads  the  product  of  the  current  flowing 
through  its  current  coil,  the  voltage  impressed  upon  its  potential  coil,  and 
the  cosine  of  the  angle  between  this  current  and  voltage,  the  current  and 
voltage  being  expressed  in  effective  values.  Fig.  180  shows  a  well-known 
^.„„^,„  type  of  portable  wattmeter.     The  cur- 

_  Ammetar  ^  •it  i    •       i 

r^t\ 2)  I'^^t  ^o^^  termmates  m  the  heavy  bmd- 

'■1       *=K  V, 

and  power    ^ud  thc  poteutlal  coil  is  connected  to 

factor  ar«  *■ 

the  two  smaller  posts  seen  at  the  left 
side  of  the  instrument. 
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Fig.  130.-The  normal  connection  of  a  j^  pjg    y^Q  jg  ^y^^^^^  ^he  connection 

wattmeter,  ammeter,  and  voltmeter      «  x  i.        .  j  i.i 

.  \  r    .        of   an  ammeter,  voltmeter,  and   watt- 

to  measure  power  and  power  factor.  '  .... 

meter  to  a  circuit  in  which  it  is  desired 
to  know  the  power  consumption  an^  power  factor.  It  will  be  seen  that 
the  current  coil  of  the  wattmeter  is  in  series  with  the  circuit  and  the 
potential  coil  connected  across  the  .line. 
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When  line  curieia  tlt)ws  through  the  current  coil  of  a  wattmeter  there  is 
si't  up  a  field  which  is  proportional  to  the  line  current  and  in  phase  with  it, 
and  which  alternates  in  direction  with  the  frequency  of  the  line  current. 
The  {X)t«ntial  coil  of  the  wattmeter  generally  has,  in  series  with  it,  a  high 
resistance  which  is  wound  non-inductively,  so  that  when  voltage  is  im- 
pressetl  on  the  potential  circuit  a  current  flows  through  tin-  <  iicuit  which  is 
pro{K)rtional  to  the  voltage  and  practically 
in  phase  with  it.  The  field  produced  by  the 
current  flowing  through  the  potential  circuit 
alternates  in  direction  with  the  frequency  of 
the  voltage,  and  since  line  current  and  volt- 
age have  the  same  frequency,  the  two  fields 
of  the  wattmeter  alternate  in  direction  at  the 
same  frequency. 

The  actuating  force  of  a  wattmeter  being 
derived  from  the  interaction  of  the  field  of 
its  current  coil  and  the  field  of  its  potential 
coil,  the  instnmient  will  have  polarity.  With 
its  current  and  potential  coils  connected  to  a  circuit  as  in  Fig.  130,  the 
needle  may  move  up  the  scale,  or  indicate  positively,  but  if  such  is  the 


Wattmeter 


Fio.  131. — If  the  wattmcUT  of 
Fig.  130  deflects  positively,  it 
will  deflect  negatively  (hack- 
ward)  if  the  potential  leads 
are  reversed,  as  shown  here. 
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(b) 
Fia.  132. — Wattmeter  connections  in  two-phase  circuits. 


case,  and  its  potential  leads  are  connected  to  the  line  in  reversed  order,  as 
in  Fig.  VM,  the  nocdlo  will  move  backwards,  or  indicate  negatively. 

81.  Measurement  of  Power  in  a  Two-phase  System.— It  will  be  seen 
that  a  two-phase  system  may  Ix*  considered  as  made  up  of  two  single- 
phase  systems,  the  voltages  of  which  are  90"  apart..     To  measure  the 
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power  in  a  two-phase,  four-wire  system,  it  is  obviously  necessary  to  use 
two  wattmeters,  one  in  each  phase  as  in  Fig.  132a;  the  sum  of  the  two 
wattmeter  readings  will  always  give  the  total  power  delivered  by  the 
alternator,  whether  the  system  is  balanced  or  not. 

To  correctly  measure  power  in  a  two-phase,  three-wire  system  under  all 
conditions,  two  wattmeters  are  used  as  in  Fig.  1326,  the  current  coils  of 
the  wattmeters  being  placed  one  in  each  of  the  outer  wires  and  their 
potential  coils  placed  across,  from  the  line  in  which  the  current  coil  is  situ- 
ated, to  the  common  wire.  The  upper  wattmeter  carries  the  current  of 
the  upper  phase,  and  has  impressed  upon  its  potential  coil  the  voltage 
across  the  upper  phase;  the  wattmeter  therefore  indicates  only  the  power 
supplied  by  the  upper  phase.  In  the  same  way  the  lower  wattmeter 
indicates  only  the  power  supplied  by  the  lower  phase. 

It  is  possible  to  measure  the  power  dissipated  in  a  balanced  two-phase, 
three-wire  system  by  using  only  one  wattmeter.  As  this  method  is  useless 
when  the  system  becomes  unbalanced,  it  is  never  used  commercially  and  is 
therefore  not  considered  in  this  text. 

82.  Uniform  Power  in  a  Two-phase  System. — We  have  seen  that  in  a 
single-phase  circuit,  for  the  ordinary  inductive  load,  the  instantaneous 
power  is  given  by  the  equation 

p  =  Em  sin  ulXim  sin  {oit—4>), 
=  Emim  { sin  wi  (sin  cot  cos  <^  —  cos  Oi^t  sin  </>)  | , 
=  EmIm  (sin^  oit  cos  (^  — sin  o)t  cos  oil  sin  4>), 

This  equation  indicates  that  the  instantaneous  power  varies  with  time. 
We  have  previously  shown  it  to  be  pulsating  at  double  the  frequency  of  the 
current  and  voltage. 

Consider  a  balanced  two-phase  system,  the  current  in  each  phase  lag- 
ging by  the  angle  </>.  If  phase  No.  2  leads  phase  No.  1  by  90°,  and  the 
voltage  of  phase  No.  1  is  expressed  by  the  equation  e  =  E'm  sin  ut,  the  cur- 
rent in  phase  No.  1  will  be  indicated  by  the  equation  i'  =  rm  sin  (w<— 0), 
and  the  instantaneous  power  by  the  equation 

p'  =  E'm  sin  oitXi'm  sin  {ict—4>). 

Since  phase  No.  2  leads  phase  No.  1  by  90°  its  voltage  will  be  expressed 
by  the  equation  e"  =  E"m  sin  (w<-|-90°)=^"m  cos  (at,  its  current  by  the 
equation  i"  =  1" „,  sin  (coi-f90°— </>)  =/"m  cos  (w<— 0),  and  its  power  by 

V"  =  E"„,  cos  oitxr'm  cos  (aj<-0). 

Having  assumed  that  the  system  was  balanced,  we  have  E'  —  E",  and 
that/' =  7". 
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The  instantiiueous  power  of  the  system  will  tlierefore  be 

P=p'+p"  =  £.  sin  w/X/«sin  M-0)-f  A^„  cos  w/X/«  cos  i<al-4f) 

—  E^I^{»in  ud  (sin  <jil  coe  0— cos  ul  sin  <tt) 

+C08  u)t  (cos  tat  coe  ^4-sin  (o<  sin  ^)) 

"Emlm  (sin^  fa)/  cos  0— sin  u)/  coe  <at  sin  0 

+coe*  u)t  cos  0+8in  fa)/  cos  ut  sin  0) 

=  £^«/«  cos  0  (sin^  fa)/+cos^  w/) 

=  E^^  006  0, 

\s.iu  ii  irs  constant,  independent  of  time. 

The  last  expression  may  be  further  reduced  to 

E     I 
P  =  E^^cos<t>  =  2-^  -^  cos  0=2^/ cos  0, 

V2  v2 

where  E  and  /  are  the  effective  voltage  and  current  per  phase. 

The  power  in  a  balanced  two-phase  system  is  therefore  shown  to  be 
constant  (as  is  the  case  for  anj'  balanced  polyphase  system)  and  equal  to 
twice  the  power  per  phase,  as  we  know  it  must  be. 

That  the  instantaneous  power  of  a  two-phase  balanced  sj'stem  is  con- 
stant may  be  seen  from  the  power  ciures.  In  Fig.  133  are  shown  the  volt- 
age and  current  curves  for  a  balanced  8>'stem,  each  current  lagging  lx»hind 
its  respective  voltage  by  20**  (i.e.,  0  =  20**);  the  corresponding  curves  of 
instantaneous  power  are  shown  in  Fig.  134.  It  may  be  seen  that  the  alge- 
braic sum  of  the  ordinates  of  the  two  power  curves  at  any  instant  add  up 
to  a  constant  value,  indicated  in  the  figure  as  the  "  system  power." 

At  time  =  «■  2,  when  the  power  of  phase  No.  2  is  zero  (because  the  value 
of  its  voltage  is  zero),  the  system  power  is  furnished  by  phase  No.  1,  If  in 
Fig.  133  the  ma.ximum  values  of  voltage  and  current  are  taken  as  40  volts 
and  30  amperes  respectively,  the  power  of  phase  No.  1,  at  time =ir/2,  is 

p'  =  40.sin90''X30sin  (90''-20*')  =40X30  sin  70** 
=  1200  X0.9397  =  1 127.6  watts. 

The  jx)wer  curves  are  seen  to  cross  when  the  voltage  of  phase  No.  1 
is  at  its  55**  value.    The  power  indicated  by  phase  No.  1  is  then 

p'= 40  sin  55^X30  sin  (55** -20**) 
= 40  sin  55°  X30  sin  35°  =  40  XO.8192-1-30  X0.5736 
=  32.768X17.208  =  563.8  watts. 
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The  power  indicated  by  phase  No.  2  is  then 

p"  =  40sin  (55''+90'')X30sin  (55°+90°-20°) 
=  40  sin  55°X30  sin  35°  =  563.8  watts. 
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Fig.  133. — Voltage  and  current  curves  for  a  balanced  two-phase  load,  the  current  in 
each  phase  lagging  20°  behind  its  respective  voltage. 
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Fig.  134. — The  power  curves  corresponding  to  the  conditions  of  Fig.  133;    although 
the  power  supply  of  each  phase  is  pulsating  the  total  power  supply  is  uniform. 

The  effective  current  per  phase  is  30X0.707  =  21.21  amperes,  and  the 
effective  voltage  per  phase  is  40X0.707  =  28.28  volts.  The  average  power 
per  phase  is  El  cos  0,  or 


P  =  21.21X28.28  cos  20**  =  600X0.9397  =  563.8  watts, 

or  the  total  power  is  1127.6  watts. 

83.  Three-phase,  Y-connected  System. — Wo  saw  that  a  simple  three- 
pha.sc  alternator  had  three  coils  on  its  armature,  and  that  by  connecting 
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toRotlicr  an  end  of  each  coil,  the  three  ends  s<*lecte(l  l)eing  120*  apart,  the 
machine  b«»came  a  Y-eonneeted,  threo-pha«e  alternator,  delivering  three 
equal  voltages  120"  apart  at  the  open  ends. 

A  Y-oonnecte<l,  three-phase  ]oad  consists  of  three  separate  loads,  witn 
one  end  of  each  load  conneet^nl  to  one  end  of  each  of  the  others.  The 
three  open  ends  are  then  connected  to  the  three  leads  from  an  alternator. 
Such  an  arrangement,  consisting  of  a  Y-connected  alternator  and  a  Y-con- 
nectod  lamp  load,  is  diagrammatically  represented  in  Fig.  135,  the  lamp 
load  being  drai^ii  similar  to  the  letter  Y,  even  though  it  would  probably 
\yo  arranged  as  in  Fig.  136. 

The  relation  between  the  voltage  per  phase  of  the  alternator  and  the 
voltage  between  the  lines  was  given  in  Eq.  (48),  (page  75),  as 


E^VZe    or,     e  = 


E_ 
V3" 


(110) 


Load 


4 


TIS. 


Fig.  135.  Fig.  136. 

Fio.  135. — \    Y-connected    load   being   supplied   with   power   from   a   Y-connected 

alternator.     The  central  wire  (neutral)  shown  in  dashed  line,  is  generally  not 

used. 
Fia.  136. — The  way  a  Y-connected  load  of  lamps  actually  appears. 


If  the  Y-connected  load  is  balanced,  it  is  then  sj-mmetrical,  and  we 
should  expect  that  the  line  voltages  would  resolve  themselves  into  the 
phase  voltages  of  the  load  in  the  same  ratio  that  the  phase  voltages  of  the 
alternator  combined  to  form  the  line  voltages.  That  is,  the  same  relation 
exists  between  the  line  voltages  and  the  phase  voltages  of  the  load  as  exists 
between  the  line  voltages  and  the  phase  voltages  of  the  alternator.  If  the 
three  line  voltages  supplying  the  load  are  equal  to  each  other  and  are  120° 
apart,  then  the  three  phase  voltages  of  a  Y-connected  load  are  also  120° 
apart  and  equal  to  each  other,  the  relation  between  the  numerical  values 
of  phase  and  line  voltages  being  as  in  Eq.  (110). 

In  Fig.  135  there  is  indicated  a  connection  between  the  center  of  the 
Y  of  the  alternator  and  the  center  of  the  Y  of  the  load;  this  wire,  some- 
times used  in  practice  but  generally  not,  is  called  the  neutral  vrire,  as  it 
joins  the  so-called  "  neutral  "  of  \\\v  altrrnator  to  that  of  the  load. 

It  is  soon  that  this  neutral  wire  n^ay  be  considered  as  the  common  return 
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wire  for  all  three  phases.  The  current  which  flows  into  it  from  load  a  is 
evidently  in  phase  with  the  voltage  of  phase  a,  because  we  may  consider 
phase  a  and  its  load  a  as  independent  of  the  other  loads.  The  current 
which  flows  into  the  neutral  wire  from  load  b  is  likewise  in  phase  with  the 
voltage  of  alternator  phase  6,  and  there  is  similarly  a  current  from  load  c 
in  phase  with  the  voltage  of  phase  c.     As  the  voltages  of  the  different 


Fig.    137. — A  three-phase  circuit  in  which  the  voltage  and  current  relations  are  to  be 

analyzed. 


phases  are  equal  and  120°  apart,  and  the  load  resistances  are  all  equal,  the 
neutral  wire  must  carry  the  vector  sum  of  three  equal  currents  120°  apart 
in  phase.  But  the  sum  of  three  such  currents  is  zero,  and  the  neutral  wire 
will  therefore  carry  no  current  and  is  thus  entirely  unnecessary'.  If,  how- 
ever, the  load  is  unbalanced,  the  equaUty  of  voltage  on  the  three  phases, 

E 
that  is  e  =  —^,  can  be  maintained  only  if  such  a  neutral  wire  is  used ;  for 

unbalanced  loads  the  neu- 
tral wire  does  carry  a  cur- 
rent. The  connection  join- 
ing the  neutral  points  of  load 
and  alternator  should  there- 
fore be  used  when  unbal- 
anced lamp  loads  are  likely 
to  occur;  such  a  wiring 
scheme  is  known  as  a  three- 
phase,  four-irire  systetn. 

84.  Vector  Diagram  for 
a  Non-inductive  Three- 
phase,  Y-connected  System. 
— We  assume  in  Fig.  137 
that   the  alternator  is  re- 

FiG.  138. — Voltage  and  current  relations  for  the  cir-  volving  in  SUch  a  direction 
cult  of  Fig.  137;  line  currents  lag  30°  behind  that  phase  voltage  e^  =  e6 
their  respective  voltages.  j^^^     ^20°    behind    e^^e„, 

and  that  ea  lags  120"  behind  eco  =  ec,  as  is  indicated  in  Fig.  138.     As 
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the  load  Li  resistive  /^(  =  io)  is  in  phase  with  c^,  lBi  =  ib)  is  in  phius*;  with 
Cb,  and  lei.  "t«)  is  in  phase  with  Ce. 

If  it  is  assuine<l  that  the  positive  direction  of  a  current  is  that  in  whicli 
the  current  would  be  urged  by  a  positive  voltage,  and  the  ix)8itive  phase 
voltages  are  eM,  «^,  and  Coc,  then  tlie  positive  direction  of  the  line  currents 
is  away  from  the  alternator,  as  is  indicated  in  Fig.  137.  This  is  entirely 
consistent  with  what  was  said  in  Chapter  II  with  respect  to  the  voltages 
of  an  alternator;  what  we  indicate  by  the  arrows  is  the  positive  dirediomt 
of  the  currents  whenever  they  may  occur,  but  not  instantaneous  values. 

We  might  just  as  well  assume  currents  towards  the  alternator  as  posi- 
tive, provided  all  of  them  are  assumed  in  the  same  direction;  we  could  not, 
however,  assume  two  currents  away  from  the  alternator  and  the  other  cur- 
rent toward  the  alternator,  as  these  would  not  represent  the  three-phase 
currents  of  a  three-phase  balanced  system. 

The  voltage  Iwtween  lines  B  and  A,  that  is,  the  voltage  Eba,  will  then 
be  the  vector  sum  of  the  voltages  eto  and  Coa,  or 

similarly 

and 

EcH  =  Qf'c®et. 

Carr>'ing  out  the  vector  construction  indicated  in  Fig.  138,  we  find  that 
voltage  Eba  lags  Ix'hind  the  voltage  Eac  and  this  in  turn  lags  l)ehind  Ecb- 
A  non-inductive  load  having  been  assumed  in  Fig.  137,  the  current  in 
phase  a,  to(  =  /.4),  is  in  phase  with  the  phase  voltage  €„,  the  current  in  phase 
6,  ib(  =  lB),  is  ill  phase  with  the  phase  voltage  Cb,  etc. 

The  vector  diagram  shows  that  the  line  currents,  for  the  resistive  load 
assumed,  lag  30**  behind  their  respective  line  voltages  (when  the  phase 
voltages  are  taken  in  the  order  that  eb  lags  €a  lags  ec),  that  is,  /^  lags  30° 
behind  Eg^,  Jh  lags  30"  behind  Ecb,  and  Ic  lags  30°  behind  Eac  If 
instead  of  taking  the  three-line  voltages  as  Eba,  Eac,  and  Ecb,  we  had 
taken  these  voltages  as  Eab,  Egc,  and  Eca,  we  should  have  I  a  leading  the 
voltage  ErA  by  30°  and  loading  the  voltage  E  i„  by  150°. 

86.  Suitable  Notation  for  Three-phase  Vectors. — It  will  be  seen  that 
the  convention  that  we  have  used  in  constructing  Fig.  138  is  such  that  the 
subscripts  of  the  voltages  are  taken  in  the  sense  that  the  first  letter  of  the 
subscript  is  that  of  the  voltage  of  the  phase  lagging  120°  behind  the  voltage 
of  the  phase  designated  by  the  last  letter  of  the  subscript;  thus  the  desig- 
nation Eba  indicates  that  phase  voltage  c*  lags  120°  behind  €«,  Eac  indi- 
cates that  ea  lags  120°  In'hind  ee,  etc. 

Furthermore,  the  convention  us(»d  is  such  as  to  associate  the  line  cur- 
nut  u  ifh  fill'  v«)lf;>iri'  wliich  has  tlir  letter  of  that  line  as  the  last  letter  »»f  its 
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subscript;  that  is,  current  7^  lags  30°  behind  the  Une  voltage  Eg^,  Ic 
lags  30°  behind  E^c,  and  /^  lags  30°  behind  Ecb-  Furthermore,  currents 
away  from  the  alternator  are  taken  as  positive. 

This  convention  for  designating  the  voltages  makes  voltage  Eg^  lag 
behind  the  voltage  E^c,  and  E^c  lag  behind  Ecb- 

86.  Vector  Diagram  for  Reversed  Phase  Rotation. — If  we  now  consider 
the  phase  rotation  reversed  from  what  it  was  in  Figs.  137  and  138,  as  may 
be  brought  about  by  reversing  the  direction  of  rotation  of  the  alternator, 
so  that  ea  lags  behind  eh  by  120°,  and  e^  lags  behind  Cc,  the  conditions  are 
as  shown  in  Fig.  139. 

Again  7,^  will  lag  behind  the  voltage  with  which  it  is  to  be  associated, 

ECA 

\ 
\ 


Fig.  139. — Even  though  the  direction  of  rotation  of  the  alternator  is  reversed  the  line 
currents  still  lag  30°  behind  their  respective  voltages,  but  the  voltages  are  taken 
in  a  different  sense  than  for  Fig.  137. 

EcA,  by  30°,  and  the  method  of  designating  this  voltage,  Eca,  means  that 
the  voltage  of  phase  c  lags  behind  that  of  phase  a  by  120°.  Similarly,  the 
current  7^  is  associated  with  the  voltage  having  B  for  its  last  subscript, 
namely  E^^,  the  subscripts  of  this  voltage  meaning  that  phase  a  lags 
behind  phase  h  by  120°. 

Thus  we  have  the  rule  that,  for  a  resistive  load,  currents  away  from 
the  power  supply  being  considered  positive,  and  voltages  between  lines 
being  written  in  such  a  way  that  the  sequence  of  the  subscripts  gives  the 
phase  rotation  as  shown  above,  the  line  currents  lag  behind  their  respective 
line  voltages  by  30°. 

87.  Power  in  a  Three-phase,  Y-connected  System. — In  a  balanced 
three-phase  system,  the  total  power  will  evidently  be  three  times  the  power 
per  phase,  i.e., 

P  =  Zei  cos  <i>. 
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where  cos  ^  is  the  power  factor  of  the  load,  that  is,  cosine  of  the  angle 
between  the  phase  voltage  and  the  phase  currem. 


Since 
we  have 


e^—^    and    »  =  /, 
V3 

E 
P=3X-7=X/Xco6  <t>  =  VsEI  COS  0. 
V3 


(111) 


The  last  equation  states,  then,  that  the  power  in  a  balanced  three-phase, 
Y-connected  system  is  equal  to  the  product  of  the  line  voltage,  the  line 
current,  square  root  of  three, 
and  the  cosine  of  the  angle  be- 
tween phase  voltage  and  phase 
current. 

88.  Measurement  of  Power 
in  a  Three-phase,  Y-connected 
System.  —  Three-wattmeter 
method. — The  power  in  a  three- 
phase,  Y-connected  load, 
whether  balanced  or  unbal- 
anced, may  evidently  be  ob- 
tained by  the  use  of  three 
wattmeters,  connected  as  in 
Fig.  140.     Here   the  current 

coil  of  a  wattmeter  is  placed  in  series  with  each  phase  of  the  load,  so  that 
the  current  flowing  through  the  current  coil  of  the  meter  is  that  of  the 


Fig.  140. — A  possible  scheme  for  measuring  three- 
phase  power  when  the  neutral  point  of  the  load 
is  available. 
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In;.   111. — Standard    method   of   wattmet^   connection    for   measuring   thrce-phaae 
power,  good  for  any  power  factor  and  condition  of  load. 

phase.  The  potential  coils  of  the  wattmeters  have  impressed  upon  them 
the  phase  voltage  of  their  respective  phases,  so  that  each  wattmeter  indicates 
the  power  used  in  its  respective  phase.     The  sum  of  the  three  wattmeter 
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readings  gives  the  total  power  used;  if  the  system  is  balanced  the  three 
readings  are  equal. 

Two-wattmeter  method. — The  power  in  a  three-phase  system  can  be, 
and  ordinarily  is,  measured  by  two  wattmeters  connected  as  is  shown 
in  Fig.  141.  The  current  coils  of  the  two  meters  are  placed  in  series  with 
two  of  the  lines,  and  the  potential  coil  of  each  instrument  is  connected 
from  the  line  in  which  its  current  coil  is  placed,  to  the  third  line,  or  that 
line  in  which  no  wattmeter  is  placed.  It  is  to  be  noted  in  Fig.  141,  that  the 
connections  of  the  potential  coils  are  symmetrical  with  respect  to  line  B. 

Since  the  vector  sum  of  the  three  line  currents  is  zero,  we  may  con- 
sider any  one  line  as  the  return  path  for  the  currents  in  the  other  two  lines. 
Thus  in  Fig.  141  we  may  consider  line  B  as  the  return  path  for  the  currents 
in  line  A  and  C.  From  this  viewpoint  all  voltages  must  be  considered 
toward  line  B  or  away  from  B.  Thus  if  it  is  considered  that  there  is 
impressed  upon  the  potential  circuit  of  the  upper  wattmeter,  W^,  the 
voltage  Ejji,  that  is,  the  voltage  from  B  to  A,  then  we  must  impress  upon 

the  potential  coil  of  the 
CB  lower  wattmeter,  Wc, 
the  voltage  Ebc,  that  is, 
the  voltage  from  B  to  C. 
We  know,  however, 
that  the  reading  of  each 
wattmeter  will  be  equal 
to  the  product  of  the 
current  through  its  cur- 
rent coil,  the  voltage 
applied  to  its  potential 
coil,  and  the  cosine  of 
the  angle  between  this 
current  and  voltage. 
Thus  the  upper  watt- 
meter, Wa,  carries  the 
line  current  /.^  and  has 
impressed  upon  its  po- 
tential circuit  the  voltage 
Eba-  From  the  convention  used  in  designating  this  current  and  voltage,  or 
by  reference  to  Fig.  142,  which  is  the  same  vector  diagram  as  that  of  Fig. 
138,  we  see  that  I^  lags  30°  behind  Eb^.  We  see  then  that  the  power 
indicated  by  the  upper  wattmeter  is 

The  lower  wattmeter,  Wc,  carries  the  line  current  7^  and  has  impressed 
upon  its  potential  circuit  the  voltage  /iV-     This  voltage  lios  180°  from  the 


Fig.  142. — Showing  the  voltage  and  current  relations 
for  Fig.  141,  from  which  the  wattmeter  readings  can 
be  calculated. 


^ 
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volUige  EcB  of  tlie  vector  <liagrani,  so  that  current  Ic  leads  voltage  Ehc  ^>y 
30**.    The  power  indicated  by  the  lower  wattmeter  is  then 

T^'c=^«cX/rCOs30^ 

Since  the  system  is  balanced,  line  voltages  are  equal  and  line  currents 
are  equal,  so  that  we  may  write 

Considering  that  the  power  factor  of  the  circuit  is  unit}',  the  last 
expression  is  identical  with  Ekj.  (Ill);  it  is  thus  evident  that  the  power 
of  a  balanced,  non-inductive,  three-phase,  Y-connected  load  can  be 
measured  by  two  wattmeters.  For  this  balanced  resistive  load  the  two 
wattmeter  readings  are  the  same. 

89.  Two-wattmeter  Method  Anal3rzed  from  Instantaneous  Values. — 
That  the  sum  of  the  readings  of  the  two  wattmeters,  placed  in  the  lines  as  ^jj^ 
in  Fig.  141,  represents  the  true  power,  may  be  proved  from  instantaneous  a^ 
values.  If  ta,  tfc,  ic,  and  €»,  C6,  Ce  represent  the  instantaneous  currents  and 
phase  voltages,  respectively,  the  instantaneous  power  will  be  equal  to  their 
products,  regardless  of  power  factor.  That  is,  the  total  instantaneous 
power  of  the  system  is 

But,  in  a  Y-connected  system  without  a  neutral  connection,  the  sum 
of  the  three  currents  is  zero,  or 

and  therefore 

t6=  —  7o  — t'e. 

Substituting  for  n,  we  have 

p  =  c.t«+ efcC — ta  -  ic) + ede 

=t«(««— eft)+tc(ee— «») 

We  have  already  seen  that  eo— e»  is  the  instantaneous  line  voltage  egy, 
similarly  e«—eh  Ls  the  line  voltage  Cbc-  The  instantaneous  force  acting 
on  the  upper  wattmeter  is  thorofore  proportional  to 

lii.i  iliat  of  the  lower  wattmeter,  to 

so  that  the  sum  of  the  forces  acting  on  the  two  wattmeters  at  any  instant 
\»  proportional  to  the  instantaneous  value  of  the  three-phase  power.  As 
the  wattmeter  indicates  proportional  to  the  average  force  acting  on  it,  and 
as  this  average  force  is  shown  to  be  such  that,  for  both  wattmeters,  its  aver- 


146  THE  POLYPHASE  CIRCUIT  [Chap.  IV 

age  value  is  proportional  to  the  average  three-phase  power,  the  sum  of 
the  two  wattmeter  readings  must  give  the  total  three-phase  power. 

90.  Wattmeter  Reading  Negative  or  Positive. — It  may  be  seen  from 
the  vector  diagram  that  if  the  voltages  E^b  and  Ecb  had  been  impressed 
upon  the  potential  circuits  of  the  upper  and  lower  wattmeters,  respectively, 
instead  of  Esa  and  Egc,  the  indications  of  the  meters  would  have  been 

W^=E^sIa  cos  150°  =  E^sI a  (-cos  30°), 
Wc=EcbIc  cos  150°  =  EcbIc  (-cos  30°). 

Both  readings  would  be  negative,  and  the  wattmeter  needles  would 
therefore  move  below  zero.  An  observer  would  naturally  reverse  the 
potential  connections  of  each  meter,  which  would  reverse  the  voltage  applied 
to  each  by  180°,  thus  impressing  the  voltage  Esa  upon  the  upper  meter 
and  the  voltage  Egc  upon  the  lower. 

The  question  naturally  arises,  "  Should  these  reversed  readings  be 
called  negative?"  The  answer  is  obtained  from  a  consideration  of  the 
power,  for,  as  we  have  assumed  a  symmetrical  connection,  we  must  call 
both  readings  negative,  or  both  positive  and,  unless  some  special  condition 
arises,  they  are  called  positive.  Later  on  we  shall  find  that  with  the  connec- 
tion assumed,  and  for  loads  of  low  power  factors,  one  wattmeter  will  indi- 
cate positive  and  the  other  negative;  only  then  will  one  of  them  be  called 
negative. 

91.  Problem. — Assume  that  each  resistance  in  Fig.  137  is  5  ohms  and 
that  the  voltage  supplied  by  the  alternator  between  lines  is  110  volts. 
Calculate  the  power  used  in  the  circuit  and  the  reading  of  each  watt- 
meter. 

The  phase  voltage  is  —-^ = 63 . 5  volts  and  the  phase  currents  — ^  =  12.7 

amperes. 

The  total  power  is 

P  =  3et=3X63. 5X12. 7  =  2419. 6  watts, 

P==V3^/  =  \/3XllOXl2. 7  =  2419. 6  watts. 

Each  wattmeter  will  read 

P' =  .E;/ cos  30°  =  1 10  X 12 . 7  X 0 .  866  =  1209 . 8  watts, 
so  that 

P  =  2  X 1209 . 8  =  2419 . 6  watts. 

92.  Balanced  Inductive,  Three-phase,  Y-connected  System. — Assume 
that  the  three  resistances  of  Fig.  137  are  replaced  by  three  equal  induc- 
tances, as  in  Fig.  143,  such  that  the  current  in  each  phase  lags  behind  the 
corresponding  phase  voltage  by  <^  =  45°.    The  phase  rotation  is  assumed 
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to  be  the  same  as  in  Fii;.  137,  tliat  is,  e*  lags  120**  behind  e«  and  e>  lags 
120**  behind  e*,  as  is  indicat«<l  in  Fig.  144. 

From  the  conventional  notation  used,  we  have 


Vui.  143. — An  inductive  load,  Y-connected,  being  supplied  from  a  three-phase  gene- 
erator,  with  wattmeters  properly  connected  for  power  measurement. 

Carn'ing  out  the  vector  construction  indicated,  in  Fig.  144,  we  check 
our  convention  by  finding  that  the  voltage  Eba  lags  behind  E^C}  and  that 
this  in  turn  lags  behind  Ecb-  p  ^ 

The   currents   are   now    --* «- 

drawn  45"  behind  their  re- 
spective phase  voltages,  but 
according  to  the  notation 
used  we  might  have  drawn 
them  with  reference  to  the 
line  voltages  with  which 
they  are  associated.  We 
found,  for  a  balanced  resist- 
ive load,  that  Ia  would 
lag  behind  the  voltage  Eg^ 
by  30°;  hence  for  this  in- 
ductive load  it  will  lag 
behind  the  voltage  Eba  by 
3(y»-f45»  =  75«>.  Similarly, 
Ic  will  lag  75°  behind  the 
voltage  EjiCf  etc.  In  general, 
then,  for  a  balanced  circuit,  with  the  notation  of  vectors  adopted,  the 
current  I  a  will  lag  behind  the  voltage  Eg^  by  an  angle  (30°4-<^),  Ib  will  lag 
behind  the  voltage  Ecb  by  the  angle  (30"* -f-^),  and  Ic  will  lag  behind  the 


144. — Voltage  and  current  relations  for  the 
circuit  (A  Fig.  143. 
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voltage  E^c  by  the  angle  (30°+ <^),  where  0  is  the  angle  between  the  phase 
voltage  and  current;  for  inductive  loads  <i>  is  to  be  considered  positive  and 
for  condensive,  or  anti-inductive  loads,  it  is  to  be  considered  negative. 

The  upper  wattmeter,  Wa,  in  Fig.  143,  carries  the  line  current  I  a  and 
has  impressed  upon  its  potential  circuit  the  voltage  Eba',  its  indication 
will  then  be,  from  Fig.  144, 

Wa  =  Ej,aXIaXcos  (30°+«^) 

=  EbaXIaXcos  i30°+45°). 

The  indication  of  the  lower  wattmeter,  Wc,  will  be 

Wc  =  Ebc)<  Ic  X  cos  (30°  -  0) 
=  EbcXIcXco&  (30° -45°). 

The  sum  of  these  two  readings  represents  the  true  power,  as  may 
readily  be  proved.     Since  Eba  =  Ebc  =  E,  and  Ia  =  Ic  =  I  we  have 

Wa-}-Wc  =  EI  cos  (30° +0)+^/  cos  (30° -0) 

=  EI  (cos  30°  X  cos  0  -  sin  30°  X  sin  0 

+COS  30°Xcos  0+sin  30°Xsin  0) 

=  2EI  cos  30°  cos  (t>  =  2EIXlVzXcos  <i> 

=  VSEI  cos  0, 

which,  as  we  know,  is  the  power  in  a  balanced,  inductive,  three-phase 
system. 

It  is  to  be  carefully  noted  that  the  reading  of  either  wattmeter  depends 
upon  the  cosine  of  the  angle  between  the  current  through  its  current  coil  and 
the  voltage  impressed  upon  its  potential  coil.  This  angle  in  a  balanced 
system  is  either  (SO°-\-(f>)  or  (30°  — 0),  where  0  is  the  angle  between  phase 
currents  and  voltages;  the  cosine  of  0  is  the  power  factor  of  the  system. 

93.  Inequality  of  the  Wattmeter  Readings. — It  will  be  seen  that, 
whereas  for  a  balanced,  non-inductive  loading  the  two  wattmeter  read- 
ings were  the  sarne,  when  the  power  factor  is  other  than  unity  one  watt- 
meter reading  becomes  greater  than  the  other.  Thus  in  the  case  just 
considered,  the  reading  of  Wa  is  smaller  than  that  of  Wc,  since  the  angle 
(30° +0)  is  larger  than  the  angle  (30° -0),  and  therefore  cos  (30°+ 0)  is 
smaller  than  cos  (30°  — 0). 

It  is  to  be  noted,  however,  that  if  the  loading  considered  were  con- 
densive, so  that  the  phase  currents  led  the  phase  voltages,  the  reading  of 
the  upper  wattmeter  would  be 

Wa  =  EbaXIacos{'SO°-(I>), 
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and  that  of  the  lower  watdiietor 


as  may  be  seen  from  Fig.  145,  which  is*  the  vector  diagram  for  a  condensive 
load  in  which  the  phase 
currents  lead  their  respect- 
ive voltages  by  ^  =  45*. 
Evidently,  under  these 
conditions,  the  reading  of 
Wa  is  greater  than  that 

of  Wr. 

94.  Problem.— E  a  c  h 
load  in  Fig.  143  has  6  ohms 
resistance  and  3  ohms 
inductive  reactance.  The 
alt«mator  generates  110 
volts  per  phase  at  60 
cycles.  Determine  the 
current  in  each  line,  the 
voltage  between  lines,  the 
reading  of  each  watt- 
meter, and  the  power  fac- 
tor of  the  svstem. 


Fig.  145. — Voltage  and  current  relations  in  a 
Y-connected  capacitive  load. 


The  current  per  pha«?e  and  the  line  current  =  -  =  ■ 


110 


110 


z     V62T32    6.708 
amperes. 

The  power  factor  per  phase,  and  of  the  system,  is 


=  16.4 


cos  0  =  ^-^-^  =  0.8944    and     0  =  26.6*'. 

Upon  constructing  a  vector  diagram  similar  to  Fig.  144,  we  find  the 
line  voltages  to  l)e  ^=  1  lOX  >/3  =  190.5  volts. 
The  readings  of  the  two  wattmeters  are 

TT^  =  190.5X16.4XCO6  (30''-|-26.6'') 

=  190.5X16.4X0.5505 

=  1720  wattes. 
H'c  =  190 . 5  X 16 . 4  X  cos  (30"  -  26 . 6") 

=  190.5X16.4X0.9982 

=  3119  watts. 
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The  total  power  is 

Tf  =  lf^  +  Trc=  1720+31 19  =  4839  watts 

=  VSEI  cos  (^  =  V3X 190 . 5 X 16 . 4 XO . 8944  =  4839  watts 
=  3ei  cos  (/)  =  3 X 1 10 X 16 . 4 XO .  8944  =  4840  watts 
=  322r  =  3Xl6. 4X6=4841  watts. 

A. 


Fig.  146. — If  the  direction  of  alternator  rotation  is  assumed  opposite  to  that  of  Fig.  143, 
the  voltage  and  current  relations  of  Fig.  144  change  to  those  given  here. 

95.  Effect  of  Reversed  Phase  Rotation. — If  now,  with  the  same  bal- 
anced loading,  we  consider  the  phase  rotation 
reversed  from  what  it  was  in  Figs.  143  and  144,  as 
it  may  be  by  reversing  the  direction  of  rotation  of 
the  alternator,  so  that  €„  lags  behind  Cb  by  120°  and 
Cb  lags  behind  Sc,  the  conditions  will  be  as  shown 
in  Fig.  146.  Even  with  reversed  phase  rotation, 
Fio.  147.— Reversing  the  ^^^  positive  direction  of  the  phase  voltages  remains 
direction   of   rotation    ,,  •        i-  .i  .     i  ,      xi.  i       ^ 

does  not  reverse  the  *"^  ®^"^^'  ^•^•'  ^^^^  *^^  neutral  to  the  open  ends  of 
positive  direction  of  the  phases.  That  this  is  correct  may  be  seen  from 
voltage  through  a  coil;  Fig.  147;  a  conductor  starting  in  either  direction 
a  conductor  starting  in  from  A  will  generate  a  voltage  out  from  the  paper. 
This  direction  is  to  be  taken  as  positive,  since  a 
is  considered  as  generating  positive 
voltage  during  the  first  half-cycle. 
It  will  be  seen  that  the  upper  wattmeter,  Wa,  still  has  impressed 


either  direction  from 

j4  will  generate  voltage    "'""  -."v,v. 

out  of  the  paper.  conductor 
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upon  its  jxitontial  coil  the  voltage  Eba,  while  the  voltage  Ebc  is  still 
impressed  upon  the  lower  wattmeter,  Wc.  Reference  to  the  vector  dia- 
gram of  Fig.  146  indicates  that  the  effect  of  reversing  the  phase  rotation 
has  been  to  change  the  angle  between  the  current  I  a  and  the  voltage  Eba 
from  (30" +0),  (Fig.  144)  to  (30" -«/>),  (Fig.  146) ;  similarly  the  angle  between 
the  current  Ic  and  the  voltage  Ebc  has  been  changed  from  (30**  — 0), 
(Fig.  144)  to  (SO^^-^)  (Fig.  146). 

Reversing  the  direction  of  phase  rotation  with  a  balanced  load  has  the 
effect,  therefore,  of  interchanging  the  readings  of  the  two  wattmeters,  or 
of  transferring  the  reading  of  one  wattmeter  to  the  other.  Thus  in  the 
problem  last  presented,  with  reversed  phase  rotation  wattmeter  Wa 
would  read  3119  watts,  and  wattmeter  Wc  would  read  1720  watts.  It  is 
to  be  carefully  noted,  however,  that  although  the  readings  are  inter- 
ch^iged  between  the  wattmeters,  the  readings  are  not  reversed,  i.e.,  it  i» 
not  necessarj'  to  reverse  the  potential  connections  of  the  wattmeters  in 
order  to  make  them  read  on  the  scale. 

96.  Effect  of  Power  Factors  Equal  to,  and  Less  than,  0.5  upon  the 
Wattmeter  Readings. — With  the  reading  of  one  of  the  two  wattmeters, 
ustnl  to  inea.sure  the  power  of  a  balanced  load,  equal  to 

}r,=J?/cos(3O"+0), 

and  that  of  the  other  equal  to 

W2  =  EI  cos  {ZO''-<t>), 

wiiere  <>  is  the  angle  between  the  phase  voltages  and  currents,  it  is  evident 
that  for  all  values  of  <t>  between  0°  and  60°,  both  wattmeters  will  have 
positive  values,  and  that  the  total  power  is  the  sum  of  the  two  readings. 

If  the  power  factor  is  exactly  equal  to  0.5,  lagging,  the  current  lagging 
behind  the  phase  voltage  by  60°,  the  reading  of  the  first  wattmeter  becomes 

W 1  =  EI  cos  (30"+60*')  =  EI  cos  90°  =  0. 

The  reading  of  the  second  wattmeter  is  equal  to 

Tr2  =  ^/  cos  (30"-60")  =  EI  cos  (-30°)  =  EI  cos  30", 

and  this  reading  will  represent  the  entire  power  of  the  system. 

If,  however,  the  power  factor  becomes  less  than  0.5,  lagging,  the 
currents  lagging  more  than  60°  behind  the  phase  voltages,  then  the  reading 
of  the  first  w^attmeter  becomes  negative,  while  that  of  the  second  still 
remains  positive;  the  power  in  the  circuit  is  then  the  difference  between 
the  two  readings.  To  determine  the  reading  of  the  wattmeter  indicating 
negatively,  the  connections  of  its  potential  circuit  are  reversed  to  make 
its  pointer  read  up  the  scale. 

With  a  leading  power  factor  of  0.5,  it  will  be  seen  that  the  first  watt- 
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meter,  Wi,  will  read  EI  cos  30°,  while  the  other  wattmeter,  W2,  will  now 
read  zero;  with  leading  power  factors  less  than  0.5,  W2  will  read  nega- 
tively. 

97.  Problem. — Consider  that  each  load  on  Fig.  143  has  3  ohms  resist- 
ance and  9  ohms  reactance, 
the    generated  voltage  per 
phase  being  110  volts. 
The  current 

e         110 


^_^ 110 

z    V32+92    9.487 
=  11.6  amperes. 

The  power  factor  is 

3 


cos  <!>  = 


9.487 


=  0.316 


and 


0  =  71.6' 


TEac 


Fig.  148. — Proper  phase  relations  for  the  circuit  of    1 10  X  V3  =  190 . 5  volts 

Fig.  143,  on  the  assumption  that  the  reactance  of 

each  phase  of  the  load  is  three  times  its  resistance. .      t-.- 

this  circuit  is  given  in  Fig 

148;  from  it  the  readings  of  the  two  wattmeters  are 


The  line  voltages  = 
XV3  =  190.5  volts. 
The  vector  diagram  for 


Tf^  =  190.5X11.6Xcos(30°-f71.6°) 

=  190. 5X11. 6XCOS  101.6° 

=  190.5Xll.6X(-cos78.4°) 

=  190.5X11.6X(-0.2011)= -444  watts; 
Trc=190.5Xll.6Xcos  (30°-71.6°) 

=  190. 5X11. 6XC0S  (-41.6°) 

=  190.5X11.6X0.7478  =  1653  watts. 

The  total  power  is  then,  bearing  in  mind  that  Wa  gives  a  negative  reading, 

Tf  =  lf^,4- Fa  =  1653 -444  =  1209  watts, 
but  we  know 

Tr  =  3£:/ cos  (^  =  3X190.5X11.6X0.316  =  1209  watts. 

98.  To  Determine  Whether  a  Wattmeter  Reading  is  Positive  or  Neg- 
ative.— In  many  three-phase  measurements  of  power,  we  do  not  know 
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at  first  whether  the  power  factor  is  greater  or  less  than  0.5,  and  so  do  not 
know  whether  the  smaller  of  the  two  wattmeter  readings  should  be  called 
positive  or  negative.  If  it  is  ix)ssible  to  trace  out  the  connections  of  the 
wattmeters  used,  and  the  wattmeters  are  identical  in  construction,  it  is 
generally  possible  to  say  whether  a  met<?r  reading  is  positive  or  negative. 
In  practice,  however,  the  potential  leads  to  a  wattmeter  are  frequently 
of  twisted  cord,  so  that  it  is  difficult  to  trace  them. 

If  a  known  change  can  l)e  made  in  the  ix)wer  factor,  it  is  possible  to 
tell  from  the  changes  in  the  wattmeter  readings  whether  both  of  the 
wattmeter  readings  should  have  been  called  positive  or  not.  Thus,  if  in 
the  last  problem  considered,  another  Y-connect«d  resistive  load  is  con- 
nected in  parallel  with  the  first,  the  power  factor  of  the  total  load  would 
increase  and  the  new  system  would  require  more  power.  If  the  reading 
of  one  of  the  wattmeters  should  originally  have  been  called  negative, 
when  this  resistive  load  is  added,  its  reading  will  decrease,  or  actually 
reverse.  Thus,  if  when  resistive  load  is  added,  the  smaller  wattmeter 
reading  decreases  or  reverses,  it  indicates  that  the  reading  of  this  meter 
should  have  been  called  negative  in  the  original  load.  But  if  the  smaller 
wattmeter  reading  increases  when  resistive  load  is  added,  it  indicates  that 
the  reading  of  the  meter  should  have  been  called  positive  in  the  original 
load. 

There  is  another  verj'  simple  test,  which  can  usually  be  carried  out, 
and  which  will  determine  at  once  whether  a  wattmeter  reading  is  to  l)e 
considered  positive  or  negative.  If  the  line  in  which  the  current  coil  of 
one  of  the  wattmeters  is  placed,  is  opened,  the  system  is  reduced  to  a  single- 
phase  one,  and  the  second  wattmeter  (if  its  original  reading  should  have 
been  called  positive),  with  its  potential  connections  left  as  before  will 
indicate  positively.  Thus,  if  when  this  test  is  made  the  wattmeter 
reverses,  its  original  reading  should  have  been  called  negative;  if  it  remains 
positive,  it  originally  read  positively. 

If  this  test  is  applied  to  the  circuit  of  the  last  problem,  the  readings  of 
the  wattmeters  may  easily  be  calculat<>d.  Wlicn  line  C  is  opened  (Fig. 
149a)  the  system  is  reduced  to  a  single-phase  one,  loads  a  and  b  l^eing  in 
series  across  the  voltage  Eba',  naturally  no  current  will  flow  through 
load  c. 

The  current  flowing  through  loads  a'  and  6'  over  line  A  is  then 

190.5  _190.5_,__. 

^^~(3+3)2-h(9+9p~i8:97~  "•"*  amperes. 

The  power  factor  is 

1Q 

co8  0  =  j^=O.316    and    0  =  71. 6'. 
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We  see  now  that  the  current  over  line  A  is  71.6°  behind  the  voltage  Eba 
(Fig.  150a),  (not  the  voltage  Ca,  as  was  the  case  when  line  C  was  closed). 
Wattmeter  Wa  then  reads 

Wa  =  EbaXI'aXqgs1\.Q° 

=  190 . 5 X 10 . 04 XO .  316  =  605  watts, 

which  is  the  total  power,  since 

W  =  {VaY  X 2r  =  10 .  04^  X  2  X 3  =  604  watts. 

Wa 
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Wa 
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Fig.  149. — A  scheme  for  testing  for  wattmeter  polarity  in  a  three-phase  circuit.  If,  in 
(a),  Wa  still  stays  on  the  scale  its  reading  in  the  three-phase  connection  should 
have  been  cafled  positive,  etc. 

The  reading  of  wattmeter  Wa  with  line  C  open  should  evidently  be 
positive  on  this  single-phase  load.  Hence,  as  soon  as  line  C  is  opened, 
the  needle  of  Wa  (which  has  been  so  connected  as  to  read  positively  on 
the  three-phase  load)  will  swing  below  zero,  indicating  that  the  original 
reading  was  negative.  This  determination  is  sufficient,  as  we  do  not 
care  about  its  numerical  indication  with  line  C  open. 

When  line  A  is  opened  (Fig.  1496),  loads  h  and  c  in  series  draw  10.04 
amperes  from  the  voltage  Ebc,  and  the  lower  wattmeter,  Wc,  will  indicate 
(Fig.  1506). 

Wc  =  Ebc  X  /'c  X  cos  71 . 6°  =  605  watts, 
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the  same  as  Wa  when  hne  C  was  opened.  Hence,  if  this  wattmeter  was 
properly  connected  to  the  three-phase  load  for  a  positive  reading  (Fig. 
149a),  when  line  C  is  opened,  its  needle  will  still  read  on  the  scale,  i.e., 
will  not  swing  past  zero. 

One  might  a.sk  why  the  voltage  Ear,  and  not  the  voltage  Eca,  was 
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Via.  150. — Vector  diagram  for  explaining  the  result*  obtained  when  making  the  test 

indicatod  in  Fig.  149. 


considered  as  impressed  upon  loads  6  and  c,  when  line  A  was  opened. 
It  must  be  realized  that  Wc  does  not  possess  the  same  symmetry  with 
resfvct  to  its  loatl  as  does  Wa  with  respect  to  its  load.  If  the  voltage 
EcB  is  to  be  considered,  the  wattmeter  would  have  to  be  placed  in  line  B, 
as  is  indicated  in  Fig.  150c.     It  must  be  noticed,  however,  that  this  con- 
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nection  of  the  two  wattmeters  would  not  be  correct  for  reading  the  three- 
phase  power. 

99.  Unbalanced  Y-connected  Load. — It  very  infrequently  happens 
that  a  Y-connected  load  has  the  impedances  of  the  various  phases  very 
different,  either  in  magnitude,  power  factor,  or  both.  It  is  evident  that 
if  the  three-phase  load  is  a  piece  of  polyphase  apparatus,  such  as  a  motor 
or  similar  machine,  the  phases  are  always  balanced;  when  the  load  on  a 
three-phase  motor  increases,  the  necessary  increase  in  electrical  power 
input  is  distributed  equally  between  the  different  phases. 

If  a  lighting  load,  such  as  the  one  illustrated  in  Fig.  151,  should  be 
connected  in  Y,  it  is  evident  that  a  badly  unbalanced  condition  would  be 
very  likely  to  occur.  The  customers  in  street  A  might  turn  on  lights 
and  domestic  apparatus  to  a  much  greater  extent  than  those  in  streets 


u:a 


ms 


{  {  I  "?■ 


%  ^ 


w 


'    k  k  h  h  % 


W 


h  h  h  h  JT 


Fig.  151. 


Fig.  152. 


Fig.  151. — A  possible  condition  if  Y-connected  networks  were  used  in  customers'  cir- 
cuits; the  voltage  supplied  to  one  customer  would  depend  entirely  upon  the  load 
drawn  by  others. 

Fig.  152. — Unbalanced  Y-connected  loads  will  give  a  non-uniform  division  of  the  line 

voltages. 

B  and  C,  with  the  result  that  the  Y  load  would  be  unbalanced.  In  Fig. 
151  the  transformers  are  shown  connected  Y-Y,  but  it  is  to  be  noticed 
that  the  remarks  about  the  effect  of  unbalanced  load,  this  being  Y-con- 
nected, hold  good  no  matter  how  the  supply  transformers  are  connected. 
It  is  seen  that  were  the  Y-connection  used  for  such  a  suburban  load  as 
that  indicated  in  Fig.  151,  street  A  could  get  no  power  at  all  if  it  so 
happened  that  no  apparatus  was  being  used  in  streets  B  or  C;  evidently 
such  a  condition  is  intolerable,  and  it  is  never  used  in  practice. 

In  case  an  unbalanced  load  is  connected  in  Y  to  a  three-wire,  three-phase 
power  supply,  the  voltages  on  the  different  phases  will  not  be  the  same; 
that  phase  having  the  highest  impedance  will  have  the  highest  voltage.  A 
possible  condition  which  might  occur  in  the  laboratory  is  indicated  in  Fig. 
152;  the  upper  lamp  bank  having  only  a  few  lamps  connected  in,  does  not 
have  a  voltage  of  110  v^  =  63  volts,  as  would  be  the  case  for  the  ordinary 
three-phase,  Y-connected  load,  but  might  have  90  volts  across  it.    In 
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such  a  load  the  drop  across  each  of  the  other  lamp  banks  (each  having 
the  same  number  of  lamps  connected)  would  be  56  volts. 

100.  Graphical  Solution  for  Unbalanced,  Y-connected  Resistive  Load. — 
The  analytical  solution  of  unbalanced  loads  is  j^enerally  nmch  more  tedious 
than  a  graphical  or  semi-graphical  solution.  For  purely  resistive  loads  a 
very  simple  construction  enables  the  solution  to  be  obtained  for  any 


Fig.  153. — A  simple  puphical  scheme  for  solving  current  and  power  rcIation8  in  an 
unbalanced,  Y-connected,  resistive  load. 

condition  of  unbalance.  This  is  indicated  in  Fig.  153,  in  which  the  upper 
diagram  shows  the  unbalanced  load,  and  the  lower  the  graphical  solution 
by  means  of  which  the  voltage  across  each  phase  is  obtained.  The  tri- 
angle ABC  is  the  balanced  three-phase  voltage  impressed  on  the  load. 
The  side  AB  is  di^Hided  at  point  c  in  the  proportion  of  10  to  20,  this  being 
the  ratio  of  the  resistances  connected  between  lines  A  and  B.  Side  BC 
is  divided  at  a  into  two  imrts  in  the  ratio  of  20  to  40,  this  l)eing  the  ratio 
«)f  the  resistances  of  the  loads  connecte<l  Ix'tween  lines  B  ami  C     The  two 
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lines  C-c  and  A-a  intersect  at  0,  and  this  point  gives  the  voltage  of  the 
center  point  of  the  Y  load,  with  respect  to  the  three  lines.  As  a  check, 
the  line  B-h  is  constructed  with  the  point  b  so  located  as  to  divide  the 
side  CA  in  the  proportion  of  40  to  10;  the  line  B-b  will  intersect  the  other 
two  at  0,  if  the  other  two  have  been  properly  constructed. 

Now,  by  measuring  the  distances  from  the  three  corners  of  the  triangle 
to  the  point  0,  the  voltage  across  each  phase  of  the  load  is  obtained  to  the 
same  scale  as  that  to  which  AB  represents  the  line  voltage.  Knowing 
the  voltage  across  each  phase  of  the  load,  and  the  resistances  of  the  phases, 
we  at  once  obtain  the  current  in  each  phase;  and  of  course  the  phase 
current  is  also  the  line  current. 

In  the  above  problem,  the  voltage  across  the  10-ohm  phase  is  obtained 
from  the  voltage  diagram  as  46  volts;  the  current  in  line  A  is  therefore 
46 -^  10  =  4.6  amperes  and  the  power  used  in  phase  A  is  212  watts.  Across 
phase  B  the  voltage  is  79;  the  current  in  line  B  is  therefore  70^20  =  3.95 
amperes,  and  the  power  is  282  watts.  Phase  C  has  a  voltage  of  90.5  and 
hence  a  current  of  90.5 -j- 40  =  2.26  amperes  and  power  of  204  watts. 

The  phases  of  the  three-phase  voltages,  and  of  the  three  line  currents 
are  properly  given  by  the  directions  of  the  three  lines  in  Fig.  1536,  0-A, 
0-B,  and  0-C.  It  will  be  found  that  the  three  line  currents  found  in  the 
foregoing  paragraph  will,  if  laid  off  in  these  relative  phases,  add  up 
vectorially  to  zero,  as  we  know  the  currents  of  a  three-wire  system  must 
always  do. 

101.  Unbalanced  Y-connected  Reactive  Loads. — The  general  case  of 
the  unbalanced  Y-connected  load  does  not  lend  itself  to  easy  solution 
without  the  use  of  a  complex  arithmetical  calculation,  a  scheme  in  which 
resistance  is  measured  in  real  quantities  and  reactance  in  so-called  imagi- 
nary quantities.  For  the  solution  of  such  problems,  texts  using  complex 
arithmetical  calculations  should  be  consulted. 

102.  Three-phase,  A-connected  System. — We  saw  that  a  simple  three- 
phase  alternator  having  three  coils  on  its  armature  separated  by  120° 
(electrical),  became  A-connected  if  the  beginning  of  one  phase  was  joined 
to  the  end  of  the  second  phase,  the  beginning  of  the  second  phase  was 
joined  to  the  end  of  the  third  phase,  and  the  beginning  of  the  third  phase 
was  joined  to  the  end  of  the  first  phase,  that  is,  if  the  three  coils  were 
connected  in  series  to  form  a  closed  circuit,  the  beginning  of  one  phase 
being  connected  to  the  end  of  the  preceding  phase,  etc.  The  machine 
then  delivers  three  equal  voltages,  120°  apart,  at  the  junction  points  of 
the  phases,  from  which  the  leads  of  the  machine  are  brought  out 

A  A-connected,  three-phase  load  consists  of  three  separate  loads 
connected  in  the  same  order  as  were  the  coils  of  the  simple  alternator; 
the  three  junction  points  of  the  load  are  then  connected  to  the  leads  from 
the  alternator.     Such  an  arrangement,  consisting  of  a  A-connected  alter- 
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nator  and  a  A-connocto<l  lamp  load,  i.s  (lia^ianimatically  represented  in 
Kig.  15-4,  the  lamp  load  In'ing  drawn  in  the  form  of  the  letter  A,  even  though 
it  would  probably  be  arranged  as  in  Fig.  155. 

We  assume  in  Fig.  154  that  the  alternator  is  revolving  in  such  a  direc- 
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Fig.  164.  Fig.  155. 

154. — Schematic  diagram  of  a  three-phase  lamp-bank  load,  delta-comiected,  being 

supplied  from  a  delta-connected  alternator. 
155. — .\ctual  physical  arrangement  of  a  delta-coimected  lamp-bank  load. 


tion  that  phase  voltage  Ch  lags  120°  behind  e„,  and  that  Ca  lags  120°  behind 

Cf,  as  is  indicated  in  Fig.  156.     We  know  that  the  line  voltage  Eba  is  the 

same  as  phase  voltage  <•„ 

and  that  line  voltages  Ecb 

and  Eac  are  the  same  as 

phase  voltages  eh  and  e^, 

respectively.       The    load 

being    symmetrical    with 

respect  to  the  alternator, 

the    same     relationship 

exists    between    the    line 

voltages    and    the    pha.sc 

voltages  of  the  load. 

A  resistive  load  hav- 
ing been  a.sstimed,  the 
current  flowing  through 
load  a  will  be  in  phase 
with  the  voltage  impres.sed 
on  that  phase  of  the  load ; 
similarly,  /„,  the  current 
in  phase  a  of  the  alter- 
nator, will  be  in  pha.sc 
with  the  phase  voltage  e„,  h  will  be  in  phase  with  C6,  and  so  on. 

It  may  be  assumed  that  the  positive  direction  of  the  line  currents  is 


Fia.  156. — Voltage  and  current  relations  for  the 
circuit  given  in  Fig.  1.54. 
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either  away  from,  or  toward  the  alternator;  but  as  before,  they  must  all 
be  assumed  in  the  same  direction.  If  the  positive  direction  of  the  line 
currents  is  taken  away  from  the  alternator,  as  in  Fig.  154,  the  line  current 
I A  will  be  the  vector  difference  of  the  phase  currents  ia  and  ic,  or 

I A  =  iaQic  =  —  ic®ia, 

and  similarly 

Ib  —  ibQia  =  —ia®  lb 

Ic='icQib= —ib®ic. 

The  accuracy  of  the  last  equations  may  be  tested  by  drawing  the  three- 
phase  current  waves  and  applying  Kirchhoff's  current  law  to  instantane- 
ous values  at  the  junction  points. 

Carrying  out  the  the  vector  construction  indicated  by  the  equations 
in  the  vector  diagram,  we  find  that  in  a  balanced  A-connected  load  the 
line  and  phase  currents  have  the  same  numerical  relation  as  exists  between 
line  and  phase  voltages  in  a  Y-connected  system,  namely  that 

I  =  Vdi, (112) 

where  /  is  a  line  current  and  i  is  a  phase  current. 

It  is  also  to  be  seen  that  when  the  phase  voltages  are  taken  in  such 
order  that  Cb  lags  Ca  lags  Cc-,  the  line  current  I  a  lags  30°  behind  the  line 
voltage  Eba,  Ib  lags  30°  behind  Ecb,  and  7c  lags  30°  behind  Eac 

103.  Notation  for  Three-phase  Vectors  in  a  A-connected  System. — 
The  convention  used  for  rotating  vectors  in  a  A-connected  system  should 
lead  to  the  same  conclusions  as  in  a  Y-connected  system.  In  a  Y-connected 
system,  with  the  order  of  rotation  of  the  phases  as  a,  h,  c,  the  designation 
Eba  indicates  that  phase  voltage  Cb  lags  120°  behind  Ca',  Eac  indicates 
that  c„  lags  120°  behind  ec,  etc.  In  a  A-connected  system,  with  the  same 
order  of  phase  rotation,  the  designation  Eba  should  also  indicate  that 
phase  voltage  Cb  lags  120°  behind  €„,  etc.,  and  this  will  be  so  if  by  the  voltage 
Eba  we  mean  that  vultage  which  acts  through  the  alternator  from  line  B 
to  line  A,  or  from  the  end  of  phase  b  to  the  end  of  phase  a,  the  end  being 
that  end  of  the  phase  winding  toward  which  positive  direction  of  voltage 
acts. 

104.  Vector  Diagram  for  Reversed  Phase  Rotation. — If  now  we  con- 
sider the  phase  rotation  reversed  from  what  it  was  in  Figs.  154  and  156, 
as  it  would  be  if  the  direction  of  rotation  of  the  alternator  were  changed, 
so  that  Ba  lags  behind  Cb  by  120°,  and  Cb  lags  behind  e^  the  conditions  are 
shown  in  Figs.  157  and  158.  Reversing  the  direction  of  rotation  of  the 
alternator  does  not  reverse  the  positive  dii-ection  of  the  phase  voltages, 
as  was  indicatcMl  in  connection  with  a  Y-coiinectod  altei-nator,  on  page  150. 


VECn)R   DIAGRAM   FOR  REVERSED  PHASE  ROTATION         IGl 
The  equations  for  the  line  currents  are  the  same  as  before, 

J  A  —  ~lc®ta 
Ib=  —  Io0l6 


Fig.  157. — Current  relations  on  the  assumption  that  the  alternator  of  Fig.  154  has  its 

rotation  reversed. 


Fio.  158. — Vector  relations  for  the  circuit  of  Fig.  157. 

The  vector  diagram  for  the  circuit  is  shown  in  Fig.  158;  the  same 
conventional  notation  is  used  as  before,  that  is  the  designation  of  a 
voltage  by  Eca  shows  phase  voltage  e^  to  be  lagging  120"  behind  Ca,  etc., 
and  it  appears  from  the  vector  diagram  that  for  the  resistive  load,  current 
I A  lags  30°  behind  the  line  voltage  EcAt  etc.,  as  was  found  for  the  Y-con- 
nected  load. 

Thus  we  again  have  the  rule  that  for  a  A-connected  resistive  load. 
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currents  away  from  the  power  supply  being  considered  positive,  and  line 
voltages  being  written  in  such  a  way  that  the  subscripts  give  the  phase 
rotation,  the  line  currents  lag  behind  their  respective  line  voltages  by  30°. 
A  line  is  designated  by  the  same  subscript  as  is  used  for  the  phase  whose 
positive  voltage  acts  toward  that  line. 

105.  Power  in  a  Three-phase,  A-connected  System. — In  a  balanced 
three-phase,  A-connected  system  the  total  power  will  evidently  be  three 
times  the  power  per  phase,  just  as  in  a  balanced  Y-connected  system,  i.e., 

P  =  Sei  cos  4>, 

where  cos  (f>  is  the  power  factor  of  the  load,  i.e.,  cosine  of  the  angle  between 
the  phase  voltage  and  the  phase  current. 
Since  in  a  A-connected  system 

e  =  E    and    i  =  -^2i, 
V3 
we  have 

p  =  3X-7^X£^Xcos  <t>  =  y/2,EI  cos  <i>. 
v3 

This  equation  is  the  same  as  Eq.  (Ill);  it  states  that  in  any  balanced 
three-phase  system,  whether  Y-  or  A-connected,  the  total  power  is  equal 

to  the  product  of  the  line  voltage,  the 
line  current,  the  square  root  of  three, 
and  the  cosine  of  the  angle  between 
the  phase  voltage  and  the  phase 
current. 

106.  Measurement  of  Power  in  a 
Three-phase,  A-connected  System. — 
Three-wattmeter  Method.  The  power 
in  a  three-phase,  A-connocted  system, 
whether  balanced  or  unbalanced,  may 
evidently  be  obtained  by  the  use  of 
Fui.  l.59.-The  most  obvious  method  ^j^j.^^  wattmeters,  connected  as  in  Fig. 
of  measuring  iK)wer  in  a  A-connected    ^  _-,       tt        ±1,  j.       ^^     c  ±j. 

J     ,  159.    Here  the  current  coil  of  a  watt- 

meter is  placed  in  series  with  each 
phase  of  the  load  and  the  potential  coils  have  impressed  upon  them  the 
phase  voltage  of  their  respective  phases;  each  wattmeter  gives  the  power 
used  in  its  respective  phase. 

Two-wattmeter  Method. — The  power  of  any  three-phase  system, 
whether  Y-  or  A-connected,  can  be  measured  by  two  wattmeters.  We 
have  already  shown  this  to  be  true  for  a  Y-connected  load,  the  watt- 
meters being  connected  as  in  Fig.  141.  It  should  be  evident  that  the 
same  connection  of  the  wattmeters  will  measure  the  total  power  in  a 
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balanced  A-coiinectcd  resistive  load,  inai*iimrh  as  the  wattnictors  deal 
only  with  line  values,  and  we  liave  shown  that  the  power  in  a  balanced 
three-phase  system,  whether"  Y-  or  A-connected,  is  P=^VzEI  cos  ^,  and 


Fi';    I*"*'  Th*'  artunl  rnf»th<>d  of  measuring  power  in  a  A-connected  load. 

also  that  the  same  piiax'  KJation  exists  between  line  currents  and  line 
voltages  in  both  systems. 

In  Fig.  160  is  shown  a  A-connected  resistive  load,  the  power  taken  by 
which  is  to  be  measured  by  two  wattmeters,  placed  in  the  lines  in  the 
same  way  as  was  done  to  measure  the  power  in  a  Y-connectcd  system. 


Fig.  161. — Vector  relatione  for  the  circuit  of  Fig.  160. 


The  vector  diagram  for  the  circuit  is  shown  in  Fig.  161,  it  being  the 
same  as  that  of  Fig.  156.  It  willlx;  seen  that  Wa  carries  the  current  I  a 
and  has  impressed  upon  its  potential  coil  the  voltage  Eba',    similarly. 
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Wc  carries  current  Ic,  with  the  voltage  Ebc  impressed  upon  its  potential 
coil.     From  Fig.  161,  the  readings  of  the  wattmeters  are 

Wa  =  EbaIa  cos  30° 

Wc  =  EbcIc  cos  30°. 

These  readings  are  the  same  as  in  a  Y-connected  resistive  loading. 
We  have,  then, 

Wa+Wc=VsEI, 

which  we  know  to  be  the  power  in  a  three-phase  resistive  load. 

That  the  readings  of  two  wattmeters  placed  as  in  Fig.  160  represent 
the  true  power  in  a  A-connected  system,  may  also  be  proved  from  instan- 
taneous values.  The  procedure  is  similar  to  that  used  for  a  Y-connected 
system,  except  that  we  use  the  relation  that  the  sum  of  the  instantaneous 
values  of  the  three  phase  voltages  is  zero,  i.e., 

ea-\-eb+ec  =  0. 

107.  Problem. — Assume  that  each  resistance  in  Fig.  160  is  4  ohms, 

and  that  the  voltage  supplied  by  the  alternator  between  lines  is  120  volts. 

Calculate  the  power  used  in  the  circuit,  and  the  reading  of  each  wattmeter. 

120 
The  system  being  balanced,  each  phase  current  is,  i  =  —T- =30  amperes, 

and  each  Ime  current  is,  7  =  V3{=\/3X30  =  51.96  amperes. 
The  total  power  is 

p  =  3e2  =  3  X 120  X  30  =  10,800  watts, 

P=  V3^/  =  V3X120X51 .96=  10,800  watts. 

Each  wattmeter  will  read 

P' =  .EJJ  cos  30"  =  120  X  5 1 .  96  X  0 .  866  =  5400  watts, 
so  that 

p  =  2P'  =  2X5400  =10,800  watts. 

108.  Balanced  Inductive,  Three-phase,  A-connected  System. — Assume 
that  the  three  resistances  of  Fig.  160  are  replaced  by  three  equal  induct- 
ances, as  in  Fig.  162,  such  that  the  current  in  each  phase  lags  behind  the 
corresponding  phase  voltage  by  <^  =  45°.  The  pha^e  rotation  is  assumed 
as  a,  h,  c,  as  in  Fig.  160. 

From  the  conventional  notation  we  have 

lA=—ic®la 
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Carrj'ing  out  the  vector  construction  indicated,  in  Fig.  163,  we  find 
that  for  the  inductive  load  assumed,  the  line  current  I  a  lags  behind  the 
voltage  Eba  by  30''+45''  =  75%  that  Ib  lags  75**  behind  Ecb,  and  that 
/c  lags  75**  behind  F  ^r. 


Fia.  162. — ^A  reactive,  A-connected  load,  with  wattmeters  for  power  measuremmt. 


tiid 


Fig.  163. — Vector  diafram  for  voltages  and  currents  of  Fig.  162. 

rhc  rc'.idinps  f)f  the  wattmeters  (Fig.  162)  are  then 

Wa  =  EbaIa  cos  (30**+^)  =  EbaIa  cos  (30'*+45**) 
Wc^EbcIc  cos  (30"- 0)  =  EbcIc  cos  (30** -45°). 

These  readings  are  identical  with  those  for  the  Y-connected  s>'stem 
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considered  on  page  146,  in  which  the  power  factor  and  the  order  of  phase 
rotation  were  the  same.     We  have  then,  from  the  proof  there  given, 

Wa-^Wc=V3EI  cos  <l>, 

which,  as  we  know,  is  the  power  in  a  balanced  three-phase  system. 

It  will  be  realized  that  all  that  was  said  as  to  the  inequality  of  the 
wattmeter  readings  varying  with  power  factor  in  a  Y-connected  system, 
applies  equally  well  to  a  A-connected  system.  Whenever  the  power 
factor  of  a  three-phase  balanced  load  is  less  than  unity,  and  the  power  is 
measured  by  two  wattmeters,  one  of  them  will  read  less  than  the  other; 
with  power  factors  greater  than  0.5,  both  wattmeters  read  positively  (or 
negatively);  but  with  power  factors  less  than  0.5,  the  smaller  wattmeter 
reading  must  be  considered  negative  if  the  larger  is  positive  (and  vice 
versa). 

109.  Problem. — Each  load  in  Fig.  162  has  6  ohms  resistance  and  3 
ohms  inductive  reactance.  The  alternator  generates  110  volts  per  phase. 
Determine  the  line  currents,  the  reading  of  each  wattmeter,  and  the 
power  factor  of  the  system. 

The  current  per  phase  is 

.    e         110  110       ,^  , 

i  =  -=    -—        =  „  -„^  =  16.4  amperes. 
z     V62+32     6.708  ^ 

The  current  per  line  is 

I  =  Vsi  =  Vs  X 16 . 4  =  28 . 4  amperes. 
The  power  factor  is 

cos  (/)  =  g^  =  0.8944    and    0  =  26.6". 

The  readings  of  the  two  wattmeters  are 

TrA  =  110X28.4Xcos  (30°+26.6°) 

=  110X28.4X0.5505  =  1720  watts; 
Fc=  110X28. 4XC0S  (30<'-26.6°) 
=  110X28.4X0.9982  =  3119  watts. 
The  total  power  is 

TF  =  TF^ -I- TFc=  1720+3119  =  4839  watts 

=  V3J5;/ cos  0  =  V3  X 1 10  X  28 . 4  X  0 .  8944 = 4839  watts. 

The  loads  used  A-connected  in  this  problem  are  the  same  as  those 
used  Y-connected  in  the  problem  on  page  149,  with  the  same  voltage 
impressed  per  phase.  It  will  be  seen  that  the  wattmeter  readings  aio 
identical. 
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110.  Problem,  (oiiwitifr  that  the  same  loads  (r  =  3  uhniH,  x  —  9  ohms) 
used  in  the  problem  on  i>a|?e  152,  are  connected  in  delta,  the  impressed 
voltage  per  phase  being  again  110  volts. 

Tlir  current  per  phase  is 


110 


110 


=  11.6  amperes. 


vp+^    9.487 
The  power  factor  is  again 

cos  0=0.316,    and    0  =  71. 6^ 
The  line  currents  are 

/  =  VSt  =  V^X  1 1 . 6  =  20 .  09  amperes. 


i  ....  .. 


-To  consider  the  effect  on  the  wattmeter  readings  of  reversing  the  rotation 
of  the  alternator  of  Fig.  162. 


A  vector  diagram  constructed  for  this  circuit  will  show  that  the  read- 
ings of  the  wattmeters  are 

IF^  =  110X20. 09XCOS  (30*'-|-71 .6**) 

=  110X20. 09X(-cos  78.4") 

=  110X20.09X(-0.2011)  =  -444  watta; 
TTc  =  1 10  X  20 .  09  X  cos  (SO**  -  71 . 6") 

=  110X20.09XCOS  (-41  e**) 

=  110X20.09X0.7478  =  1653  watts. 
The  total  power  is  then 

Tr  =  TTx+iTc^  1653-444 ^  1209  watts, 

or, 

Tr  =  V3i5:/ cos  0  =  >/3XllOX2O. 09X0. 316  =  1209  watts. 

111.  Effect  of  Reversed  Phase  Rotation. — If  now,  with  the  same 
balanced  inductive  loading,  we  consider  the  phase  rotation  reversed 
from  what  it  was  in  Figs.  162  and  163,  as  it  may  be  by  reversing  the  direc- 
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tion  of  rotation  of  the  alternator,  so  that  Ca  lags  behind  et  by  120°  and  ei, 
lags  behind  e^,  the  conditions  will  be  shown  in  Figs.  164  and  165. 

It  will  be  seen  that  the  voltages  Eba  and  Ebc  are  still  impressed  upon 

the  potential  coils  of  the 
upper  wattmeter,  Wa, 
and  the  lower  watt- 
meter, Wc,  respectively. 
From  the  vector  diagram 
of  Fig.  165,  we  find  that 
the  effect  of  reversing 
the  phase  rotation  has 
been  to  change  the  angle 
between  the  current  I  a 
and  the  voltage  Eba  from 
(30°+</>),  (Fig.  163),  to 
(30°- 0),  (Fig.  165); 
similarly  the  angle  be- 
tween the  current  Ic  and 
the  voltage  Ebc  has  been 
changed  from  (30°—*^), 
(Fig.  163),  to  (30°+</»), 
(Fig.  165).  Exactly  the 
same  result  was  obtained 


Fig. 


165. — ^Vootor  diagram  for  conditions  given  in 
Fig.  164. 


when  the  phase  rotation  was  reversed  with  a  Y-connected  sj'stem. 

Reversing   the   direction   of   phase   rotation   with   a   balanced   load, 


Fio.  166. — A  badly  unbalanced  three-phase  load,  such  as  might  be  set  up  in  the  laborri- 
tory  but  which  would  never  be  encoimtered  in  practice. 


whether  Y-  or  A-connected,  has  the  effect,  therefore,  of  interchanging  the 
readings  of  the  two  wattmeters. 

112.  Unbalanced  A-connected  Load. — Unbalanced  A-connected  loads 
are  infrequent;  when  they  occur  unequal  line  currents  result.  As  the 
solution  of  such  circuits  is  not  difficult,  the  following  problem  is  worked  out. 
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Three  loads  are  connected  in  delta,  m  in  Fig.  166;  load  a  takes  10  kw. 
at  unity  power  factor,  load  b  takes  15  kv.a.  at  a  lagging  power  factor  of 
0.8,  and  load  c  requires  10  kv.a.  at  a  leading  power  factor  of  0.6.  The 
line  voltages  are  each  100  volts  and  are  120**  apart,  the  phase  rotation 


i..u9.eMBp^ 


—  246.1  unp*. 

Fia.  167. — Current  and  voltage  diagram  for  the  load  shown  in  Fig.  166. 

being  a,  b,  c.     It  is  required  to  calculate  the  three  line  currents  and  the 
readings  of  the  two  wattmeters. 
The  power  in  each  phase  is 

Pa=  10  kw.,        p6=  15X0.8  =  12  kw.,        Pc  =  10X0.6  =  6  kw., 
and  the  total  power  is 

P«+Pfc+p,  =  104- 12+6  =  2Skw. 
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The  phase  currents  are 

.      10,000     ,__ 

la  =    -.'       =  100  amperes, 

.      15,000     __ 

Z6= —j^TTr- =  150  amperes, 

.      10,000     ,„„ 

tc  =     '^^    =  100  amperes. 

The  angles  between  the  phase  currents  and  their  respective  phase 
voltages  are 

(/)a  =  cos- 11.0  =  0°. 

<^6  =  cos-1  0 . 8  lag  =  36°  52'  lagging, 

<f)c  =  cos-1  0 . 6  lead  =  53°    8'  leading. 

A  vector  diagram  may  now  be  constructed  and  the  phase  currents 
located,  as  in  Fig.  167.     The  equations  for  the  line  currents  being 

Ib=  —ia®ib, 
Ic=  —ibBic, 

their  values  may  be  calculated  as  follows. 

I A  =  V{(-z„xcos  60°)  +  (-2eXcos  66°520P+{2aXsin  60°+f,xsin  66°52'j2 

=  V(- 100X0.5000- 100X0.3929)2+(1G0X0.8660+100X0.9196)2 

=  V(-50-39.29)2+(86.60+91.96)2  =  V(-89.29)2+178.562 

=  199.64  amperes. 
CO  on 

cosa=,J:~:  =0.4472,     a  =  63°  26'. 
199.64 

where  a  is  the  angle  between  I  a  and  the  horizontal  axis. 

/b=  V{t„Xcos  60°+Z6Xcos  36°  52'P+{(-2„  sin  60°)  +  (-t6sin36°  52') P 

=  V(100X0.500+150X0.800)2+(-100X0.866- 150X0.600)2 

=  V(50+ 120)2+ (-86.6 -90)2  =  Vl702+(- 176.60)2  =  245.12  amperes, 

170 
cos /3  =  24^  =  0.6935,     ^  =  46°  6', 

where  /3  is  the  angle  between  Ib  and  the  horizontal  axis. 

/p=  V{(-i6Xcos36°52')+ZcXcos66°52'}  +  {i6sin36°52'-2,sin66°52'}2 
=  V(-150X0.800+100X0.3929)2+(150X0.600- 100X0.9196)2 
=  V(-120+39.29)2+(90-91.96)2  =  V(-80.71)2+(- 1.96)2 

=  80.73  amperes, 

tan  7  =  ^^  =0.242,    7  =  1'' 23',    cos7=0.9997, 

oU.  71 
where  7  is  the  angle  between  Ic  and  the  horizontal  axis. 
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As  a  check  on  the  accuracy  of  our  work,  we  should  find  that  the  sum  of 
the  horixontal  and  vertical  components  of  the  three  line  currents  add  up 
f<  [HMitively. 

Horizontal  Vertical 

Cktmponent  Cotnponent 

Ia  -89.29  +178.56 

Jb        +170.00  -176.60 

Ic  -80.71  -     1.96 


00.00  00.00 

The  wattmeter  readings  are 

T^'^  =  i?flAl.iC08  3''26', 

Trc  =  ^Bc/c  cos  1°  23', 

IT^  =  100  X 199 .  64  X  0 .  9982  =  19930  watts 

IFc=100X  80.73X0.9997=  8070  watts 


Total  power  =28000  watts 

It  is  to  be  noted  that  in  the  above  solution  the  calculations  have  been 
carried  out  with  far  greater  accuracy  than  is  necessarj'.  In  most  engineer- 
ing problems  the  accuracy  obtained  with  the  ordinary  slide  rule  is 
sufficient. 

If  the  direction  of  rotation  of  the  alternator  were  reversed,  so  that 
the  phase  rotation  became  a,  c,  6,  the  line  currents  and  the  wattmeter 
readings  would  be  changed,  as  may  be  seen  from  the  following  solution. 

The  phase  currents  and  phase  power  factors  remaining  the  same,  and 
the  equations  for  the  line  currents  being  identical  with  those  used  before, 
we  may  proceed  to  construct  the  vector  diagram  for  the  circuit,  as  in 
Fig.  168. 

/^  =  V(-t.Xco8  60*'-teXcos  53**  802+(t«X8in  60''-icXsin  53°  80^ 
=  \(-100X0.500-100X0.600)2+(100X0.8660- 100X0.8000)2 
=  V(-50-60)2+(86.60-80.00)2  =  V(- 110)2+6.62  =  1 10.20  amperes, 

tan  a=^=0. 0600,    a  =  3°26', 

where  a  is  the  angle  between  I  a  and  the  horizontal  axis. 

/fl=  >/(taXcos  60*'-i6Xco6  23*  8')2+(-t.Xsin  60**-i*X8in  23"  8')2 
=  V(100X0.500-  150X0.9196)2+ (-  100X0.8660- 150  X0:3929)2 
=  V(50-137.94)2+(-86.60-58.94)2  =  V(-87.94)2+(- 145.54)2 

=  170.00  amperes, 

coe^  =  ^^=0.5173,    /S=58*'51', 
whoro  /3  is  the  angle  between  la  and  the  horizontal  axis. 
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Ic  =  V(4Xcos23°  8'+i.Xcos53°  802+(*6Xsin23°  8'+icXsm53°  80^ 
=  V(150X0.9196+100X0.6000)2+(150X0.3929+100X0.8000)2 
=  V(137.94+60)2+  (58.94+80)2  =  Vl97.942+ 138.942  =  241 .83  amperes 
197.94 


cos  7  = 


241.83 


=  0.8185,    7  =  35M' 


Fig.  168. — Current  and  voltage  diagram  for  the  load  shown  in  Fig.  166,  when  the 
alternator  has  its  rotation  reversed  from  that  assumed  in  Fig.  167. 

The  wattmeter  readings  become 

PrA  =  £:fiA/4Cos56°34'  =  100Xll0.20X0.5510=  6070  watts 
Wc  =  EbcIc  cos  24°  56'  =  100 X 241 .  83  XO . 9068  =  21930  watts 


Total  power 


28000  watts 


The  problem  indicates  that  when  the  phase  rotation  is  reversed  with 
an  unbalanced  A-connected  load,  both  the  line  currents  and  the  watt- 
meter readings  are  completely  changed. 
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113.  Unbalanced  A-connected  Load  with  Unbalanced  Line  Voltages. — 
It  may  hapjK'n  that  the  three  line 
voltages  of  a  threo-pha«?  alternator, 
when  supplying  a  badly  unbalanced 
load,  are  neither  equal  nor  120°  apart. 
If  the  load  is  A-connected,  the  phase 
relationship  of  the  three  line  (or 
phase)  voltages  may  readily  be  deter- 
mined, inasmuch  as  the  three  line  ^^  ,^9  _,^  ^  j,^,y  unbalanced 
voltages  must,  when  drawn  as  a  topo-  throe-phase  system,  the  Unc  voltages 
graphic  diagram,  form  a  closed  tri-  may  l>e  neither  equal  nor  120°  apart, 
angle,  as  in  Fig.  169a.  Knowing  the  Their  maRnitudes  being  known, 
sides  of  the  triangle,  the  angles,   a,  /3,       however,  t^heir  relative   phases    are 

,  t         1  ^         •       1  1     iL  determmed  as  shown  here, 

and    7    may    be    determined,  and    the 

voltages  replotted  as  a  polar  diagram,  as  in  Fig.  1696. 


PROBLEMS 

1.  Three  single-phase  circuits  of  R  =  o,  X=10,  are  connected  in  delta  to  a  110- 
volt,  three-phase  alternator.  \\'hat  are  the  line  currents?  W  hat  Is  the  power 
factor  of  the  load?    \\'hat  is  the  total  power  taken  by  the  load? 

2.  Answer  the  same  questions  as  above,  if  the  three  loads  are  Y-connected  to 
the  same  alternator. 

3.  A  two-phase,  110-volt,  three-wire  system  is  supplying  8.5  kw.  on  one  phase 
and  3.7  kw.  on  the  other,  both  loads  being  of  unity  power  factor.  What  is  the 
current  in  the  common  wire? 

4.  Phase  No.  1  of  Prob.  3  leads  phase  No.  2,  A  load  of  6.05  kw.  at  lagging 
power  factor  of  0.85  is  supplied  by  phase  No.  1  and  15.6  kw.  at  la^ng  power  factor 
of  0.50  by  phase  No,  2.  What  is  the  current  in  the  common  wire?  A  wattmeter 
with  its  current  coil  in  the  common  wire  and  potential  coil  connected  across  the 
outside  wires  would  read  how  much?  How  much  if  its  potential  leads  are  con- 
nected across  phase  No.  1,  and  how  much  if  connected  across  pha.se  No.  2? 

6.  The  wattmeter  of  a  110-volt,  two-phase,  three-wire  system  has  its  current 
coil  in  the  common  wire.  Phase  No.  1  leads  pha.se  No.  2.  A  load  of  3.2  kw.  and 
cos  ^  =  0.65  lagging,  Is  being  supplied  by  phase  No.  1?  How  much  loml  of 
cos  ^  =  0.3  mu.st  be  put  on  phase  No.  2  to  make  the  wattmeter  read  zero,  its 
potential  leads  being  across  phase  No.  1.  What  will  the  wattmeter  read  now,  if  its 
potential  leads  are  connected  across  phase  No.  2? 

6.  The  current  in  an  unbalanced  delta-connected  resbtive  load  are,  80  amperes, 
phase  No.  1,  90  amperes,  phase  No.  2  and  100  amperes,  phase  No.  3.  Pha-se  No.  1 
leads  No.  2,  and  phase  No.  2  leads  No.  3.  What  are  the  line  currents  and  by  what 
an^c  are  they  separated? 

7.  A  110-volt,  delta-connectoil,  three-phase  load  has  resistances  and  inductive 
reartanres  as  follows:  Pha.se  No.  1,  /f  =  3,  A'»=3,  phase  No.  2,  R  =  Ci,  X=  10,  ph&so 
No.  ;v  A'     1 .  .V     ")      Pha.sc  No.  1  lernls  No.  2,  and  pha.se  No.  2  leads  pha-ne  No.  3. 


174  THE  POLYPHASE  CIRCUIT  [Chap.  IV 

Determine  the  currents  in  the  load  circuits  and  in  the  three  hues.     What  is  the  total 
power  used? 

8.  In  the  above  problem  what  will  two  properly  connected  wattmeters  read, 
the  line  joining  phases  Nos.  1  and  2  serving  as  the  common  potential  point  for  the 
two  wattmeters? 

9.  A  three-phase  induction  motor  operating  on  a  440-volt  line  has  a  power  fac- 
tor (lagging)  of  0.85  and  efficiency  of  0.80.  It  is  delivering  10  h.p.  What  is  the 
line  current  and  the  current  in  the  motor  conductors,  this  being  delta-connected? 

10.  Two  wattmeters  are  properly  connected  in  a  balanced  three-phase  line  to 
measure  total  power.  One  gives  a  reading  only  25  per  cent  that  of  the  other. 
What  is  the  power  factor  of  the  load? 

11.  The  three  phases  of  a  Y-connected,  resistive  load  have  resistances  of  5,  8, 
and  10  ohms.  The  load  is  connected  to  a  110-volt  three-phase,  Y-connected  gen- 
erator. What  is  the  current  in  each  wire,  power  used,  and  voltage  to  neutral  from 
each  wire? 

12.  If  the  neutral  point  of  the  generator  and  load  of  Prob.  11  are  connected 
together,  what  will  be  the  current  in  each  of  the  four  wires? 

13.  A  three-phase,  delta-connected  load  of  5  ohms  resistance  in  each  phase  is 
supplied  with  power  from  a  110-volt,  three-phase  generator.  The  lines  connecting 
load  and  generator  have  each  2  ohms  resistance.  What  is  the  line  current  and 
current  in  each?  (Note — Change  the  delta  load  to  an  equivalent  Y-connected  load 
to  solve  for  load  voltage  and  then  restore  the  delta  load  for  calculating  currents.) 

14.  Solve  Prob.  13  if  in  addition  to  the  5  ohms  resistance,  each  load  circuit 
has  5  ohms  inductive  reactance  also. 

15.  Solve  Prob.  14  if  each  of  the  supply  lines  has  a  reactance  of  1  ohm  inserted 
into  it. 

16.  On  the  basis  of  equal  I^R  in  the  armature,  how  much  current  could  a  100 
kv.a.,  110-volt,  three-phase  alternator  deliver  if  loaded  single-phase  only? 


CHAPTER  V 
ALTERNATING-CURRENT  METERS 

114.  Classes  of  Meters. — The  quantities  generally  measured  by 
alteniating-current  meters  are  current,  voltage,  power  and  energ>'.  The 
instruments  used  for  these  purposes  are  the  ammeter,  voltmeter,  watt- 
meter, and  watt-hour  meter,  respectively.  The  first  three  instruments 
arc  generally  of  the  indicating  type,  the  operator  actually  reading  the 
position  of  the  pointer  when  the  magnitude  of  the  measured  quantity  is  to 
be  obtained.  The  watt-hour  meter  is  an  energy  meter;  it  integrates  the 
total  energy  fed  through  it  by  means  of  a  motor  operating  a  train  of 
gears,  thus  making  a  permanent  record  of  the  number  of  revolutions  of 
the  moving  element. 

It  is  sometimes  necessary  to  keep  a  continuous  record  of  some  quantity ; 
for  example,  in  conducting  a  life  test  on  incandescent  lamps,  an  accurate 
record  of  the  line  voltage  must  be  kept  if  the  test  is  to  be  of  any  value. 
In  such  a  case,  a  recording  instrument  is  used;  its  moving  coil  (generally 
much  more  massive  than  that  of  an  indicating  instrument)  carries,  instead 
of  a  pointer,  a  pen  which  writes  on  a  moving  chart.  Either  ammeter, 
voltmeter,  or  wattmeter  may  be  built  in  the  recording  form. 

Besides  the  four  types  of  meters  mentioned  above,  there  are  several 
others  which  find  more  or  less  continual  application  in  alternating- 
current  testing  and  machine  operation.  Among  these  are  the  power- 
factor  meter,  reactive-factor  meter,  reactive-power  meter,  frequency  meter, 
instrument  transformers,  synchroscope,  oscillograph,  maximum-demand 
meter,  and  many  others. 

116.  Requirements  for  Indicating  Meters. — To  make  a  meter  indicate, 
there  must  evidently  be  an  actuating  force  varj'ing  in  some  way  with  the 
magnitude  of  the  quantity  to  be  measured.  In  order  that  the  needle, 
or  pointer,  may  come  to  rest  at  some  definite  point  on  the  scale,  some 
counter  force,  or  restoring  force,  must  be  provided,  and  the  intensity  of 
this  restoring  force  must-  increase  as  the  pointer  moves  over  the  scale. 
The  moving  coil  must  be  carried  in  Ix^arings  of  some  kind  or  other,  and 
these  must  offer  as  little  friction  as  possible.  In  order  to  prevent  the 
pointer  from  swinging  too  far  as  it  moves  back  and  forth  over  the 
scale,  some  kind  of  damping  force  (other  than  friction)  must  be  brought 
into  play  which  will  make  the  pointer  quickly  settle  down  to  its  proper 
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position,  so  that  readings  may  be  obtained.  A  uniform  scale  would  gen- 
erally be  desirable,  but  in  alternating-current  instruments  it  is  practically 
never  possible ;  all  voltmeters  and  ammeters  for  use  on  alternating-current 
circuits  have  scales  much  condensed  for  the  lower  regions,  and  very  open 
at  the  upper  part  of  the  scale.  A  typical  ammeter  scale  is  shown  in  Fig. 
170;  it  is  seen  that  the  deflection  produced  by  one  ampere  as  the  cur- 
rent increases  from  4  to  5  amperes  is  much  greater  than  that  produced 
when  the  current  increases  from  zero  to  1  ampere.  This  defect  in  these 
meters  is  due  to  the  nature  of  the  actuating  force,  which  makes  the 
meter  deflect,  as  will  be  pointed  out  later. 

116.  An  Essential  Difference  between  A.C.  and  C.C.  Voltmeters  and 
Ammeters. — As  was  noted  in  Chapter  VI,  Volume  I  of  this  text,  prac- 
tically all  C.C.  voltmeters  and  ammeters  are  of  the  D' Arson val  type;  the 
essential  part  of  these  meters  consists  of  a  small  coil  in  the  field  of  a  per- 
manent magnet.     Such  a  meter  will  reverse  its  deflection  if  the  current 


Fig.  170. — Scale  of  a  dynamometer  ammeter,  to  show  unequal  divisions. 


through  it  is  reversed;  as  an  alternating  current  is  continually  reversing 
its  direction  of  flow,  a  meter  of  the  D'Arsonval  type  could  not  deflect  on 
an  alternating-current  circuit.  The  pointer  would  remain  at  zero  in  a 
more  or  less  vibratory  condition,  no  matter  how  much  current  was  passed 
through  it. 

If  the  alternating-current  meter  is  to  operate  by  means  of  a  moving 
coil  placed  in  a  magnetic  field,-  it  is  evident  that  the  magnetic  field  in 
which  the  coil  is  lying  must  reverse  at  the  same  instant  that  the  current 
in  the  coil  reverses;  if  such  is  the  case  the  coil  will  continually  deflect  in 
the  same  direction.  The  magnetic  field,  then,  in  which  the  moving  coil 
turns,  must  be  generated  by  the  current  flowing  through  the  coil;  per- 
manent magnets  are  of  no  avail.  From  this  it  follows  at  once  that  the 
weight  of  the  a.c.  voltmeter  or  ammeter  may  be  much  less  than  that  of  a 
corresponding  c.c.  meter,  and  also  that  the  a.c.  meter  will  use  more  power 
than  the  c.c.  type.  In  general,  the  a.c.  meter  (voltmeter  or  ammeter) 
will  use  from  five  to  ten  times  as  much  power  as  the  equivalent  c.c.  met-er. 
A  150-volt  a.c.  voltmeter  will  use  from  ten  to  twenty  watts  at  full-scale 
deflection. 
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117.  Kind  of  Actuating  Force  for  Voltmeter  and  Ammeter. — We  have 
seen  from  previous  discussion  that  it  is  the  effective  value  of  the  alter- 
nating quantity  in  which  we  are  generally  interested,  not  the  average 
value;  the  meter  must  be  so  designed,  therefore,  that  its  deflection  is 
proportional  to  the  average  square  of  the  quantity  measured,  rather  than 
to  the  average  of  that  quantity  itself,  as  is  the  case  for  the  ordinary  c.c. 
met«r.  The  force  tending  to  make  the  meter  move  must  then  vary  as 
the  square  of  the  current  flowing  through  it;  this  requirement  must 
evidently  be  satisfied  if  the  polarity  of  the  alternating  current  is  not  to 
reverse  its  reading.  The  square  of  a  quantity  remains  positive  even 
though  the  quantity  itself  may  become  negative. 

A  meter  of  the  dynamometer  type  would  give  the  right  kind  of  actuating 
force,  as  the  current  through  the  moving  coil  also  goes  through  the 
stationary  coils,  in  the  field  of  which  the  moving  coil  lies;  if  the  current 
through  the  moving  coil  doubles,  the  force  quadruples,  as  not  only  the 
current  through  the  coil,  but  also  the  magnetic  field  in  which  the  coil  lies, 
has  doubled. 

The  iron-vane  meter  should  operate  properly  also;  the  vane,  being  of 
soft,  thin  iron,  reverses  its  magnetism  when  the  field  in  which  it  is  lying 
reverses,  so  that  the  force  is  always  in  the  same  direction  and  proportional 
to  the  square  of  the  current  flowing  through  it.  In  the  most  common 
form  of  this  meter,  the  force  is  exerted  between  two  iron  vanes,  placed 
close  together  in  the  same  magnetizing  field.  One  vane  being  fixed  and 
one  movable,  the  force  on  the  movable  one  will  evidently  increase  with 
the  square  of  the  current. 

Another  type  of  meter,  the  hot^mire  type,  utilizes  the  expansion  of  a 
piece  of  metal  through  which  the  current  to  be  measured  is  flowing;  as 
the  heat  produced  is  proportional  to  the  square  of  the  current  flowing 
through  the  meter,  and  as  the  expansion  is  proportional  to  the  heat 
produced,  this  type  of  meter  \*'ill  also  make  a  record  proportional  to  the 
square  of  the  current. 

In  some  meters  employing  the  heating  effect  of  the  current,  the  indi- 
cating meter  is  actuated,  not  by  the  expansion  of  the  heated  part  but  by 
the  continuous  e.m.f.  of  a  thermocouple,  which  itself  utilizes  the  heat 
from  the  wire  or  riblxjn  through  which  the  alternating  current  is  flowing. 
In  this  case  the  meter  used  is  a  sensitive  millivolt  meter  (calibrated  in 
amperes,  however)  of  the  D'Arsonval  type. 

In  another  type  of  meter,  the  current  to  be  measured  is  passed  through 
a  coil  which  sets  up  some  kind  of  a  rotating  magnetic  field;  this  type  is 
known  as  the  induction  meter.  In  this  rotating  magnetic  field,  the 
strength  of  which  is  proportional  to  the  current  to  be  measured,  is  an 
aluminum  disc  which  has  eddy  currents  induced  in  it  by  the  rotating 
field.     These  eddy  currents  react  with  the  magnetic  field  to  drag  the 
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disc  around;  and  as  the  disc  has  to  turn  against  the  action  of  a  spring, 
its  position  will  be  proportional  to  the  force  set  up  by  the  eddy  currents. 
The  strength  of  the  eddy  currents  is  proportional  to  the  strength  of  the 
magnetic  field  and  this  in  turn  is  proportional  to  the  current  through  the 
meter.  Hence  the  force  acting  on  the  disc  (proportional  to  the  product 
of  eddy  currents  and  magnetic  field  intensity)  varies  as  the  square  of  the 
current  through  the  meter. 

118.  Damping  of  A.C.  Meters. — The  two  schemes  used  for  damping 
the  oscillations  of  the  moving  part  may  be  the  same  for  a.c.  meters  as  for 
c.c.  meters.  The  reaction  of  eddy  currents  in  a  metalHc  part  of  the 
moving  coil  on  the  field  of  a  permanent  magnet  is  used  to  a  considerable 
extent,  but  the  actual  arrangement  of  the  device  is  somewhat  different. 


Vane 


Shaft 


Fig.  171 


Fig.  171. — A  thin  vane  of  soft  iron  mounted  on  a  .shaft  at  45°,  constituted  the  moving 

element  of  the  earher  types  of  iron  vane  meters. 
Fig.  172. — The  iron  vane  of  Fig.  171  was  mounted  in  a  coil  as  shown  here;    (a)  shows 
the  vane  at  rest,  and  (h)  shows  it  when  deflected  as  far  as  possible. 


For  the  c.c.  instrument,  the  aluminum  frame  upon  which  the  moving 
coil  is  wound  serves  to  carry  the  damping  eddy  currents,  but  for  the  a.c. 
instrument,  a  small  aluminum  disc  is  mounted  on  the  shaft  of  the  moving 
part,  and  turns  between  the  poles  of  a  small  horseshoe  magnet. 

A  vane  moving  in  a  closed  air  cell  is  used  more  than  any  other  device 
for  damping  a.c.  instruments.  Some  of  the  older  types  use  a  vane  moving 
in  free  air,  but  this  damping  is  very  ineffective.  The  vane  should  move 
in  an  inclosed  air  cell,  nearly  touching  the  walls  of  the  cell,  if  effective 
damping  is  to  be  secured. 

119.  The  Iron- vane  Meter. — In  its  earlier  form,  the  iron-vane  meter 
consisted  of  one  or  two  thin,  soft  iron  plates,  fastened  to  a  shaft  reaching 
through  a  small  coil  which  carried  the  current  to  be  measured.  It  was 
known  as  the  inclined-coil  type,  because  the  coil  was  so  mounted  that 
the  shaft  of  the  moving  vane  made  an  angle  of  about  45**  through  the 
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jiAi.-  «.i  ilu*  t*»il.  1  lii iluTmore,  tlu'  vuiu'  (or  vanes)  was  mounted  on  the 
shaft  in  such  a  way  that  its  length  made  an  angle  of  45"  with  the  shaft. 
This  idea  is  iUust rated  in  Fig.  171,  and  the  jwsition  of  the  vane  and  shaft 
in  the  coil  is  shown  in  Fig.  172.  It  can  be  seen  from  this  figure  that  if  the 
shaft  turns  counter-clockwLs<>  from  position  a  to  position  b  of  the  diagram, 
the  vane  has  moved  itself  into  the  axis  of  the  coil,  from  a  position  at  right 
angles  to  this.  As  a  piece  of  iron  (in  the  form  of  a  vane)  tends  always  to 
pull  itself  into  line  with  the  magnetic  field,  it  is  seen  that  such  an  instru- 
ment as  that  indicated  in  Fig.  172  would  operate.  Suitable  spiral  springs 
tend  to  hold  the  vane  in  position  a,  and  the  vane  pulls  from  this  position 
towards  position  6  in  proportion  to  the  current  flowing  through  the  coil. 

A  much  more  effective  type  of  iron-vane  meter  utilizes  the  repulsive 
effect  of  like  magnetic  poles;  it  has  two  thin  iron  vanes  which  can  reverse 
their  magnetism  readily  in  an  alternating  magnetic  field.  Although  the 
vanes  are  actually  cylindrical  in  form,  we  shall  simplify  the  diagram  at 
first  by  considering  them  flat.  In 
Fig.  173  are  shown  two  thin  strips 
of  iron,  one  rectangular  (1),  and  the 
other  trapezoidal  in  form  (2).  They 
are  placed  close  together  and  paral- 
lel, as  indicated  in  sketch  b  of  Fig. 
173.  Now  assume  an  alternating 
magnetic  field  to  exist  in  the  plane 
of  the  paper.  The  top  sides  of  both 
vanes  become  north  poles  and  the 
lower  sides  south  poles;   therefore 

the  discs  will  repel  each  other  if  possible.  Vane  1  is  fixed,  but  vane  2 
can  move  to  the  right  in  the  plane  of  the  paper.  Because  of  its  trapezoidal 
form,  it  will  move  to  the  right;  and  if  it  is  retarded  by  spring  action, 
its  position  will  vary  with  the  strength  of  the  magnetic  field  in  which  the 
vanes  are  lying. 

In  the  actual  meter,  both  vanes  (of  the  actual  shape  shown  in  Fig.  173) 
are  bent  into  cylindrical  form,  and  placed  inside  a  small  coil  which  is 
carrj'ing  the  current  to  be  mea.sured.  An  attempt  to  picture  the  shape 
and  arrangement  of  the  cylindrical  vanes  is  given  in  Fig.  174;  the  vane  2 
of  Fig.  173  is  bent  into  a  cylinder  of  smaller  diameter  than  is  vane  1,  and 
is  fastened  by  small  spokes  to  the  shaft  of  the  meter,  as  shown  in  Fig.  174. 
The  two  vanes  are  properly  mounted  and  placed  in  a  coil,  as  is  shown  in 
Fig.  175,  the  shaft  on  which  vane  2  is  mounted  being  in  the  axis  of  the 
coil.  In  Fig.  176  is  sho^Ti  a  picture  of  the  movement  of  one  of  these  iron- 
vane  meters;  it  can  be  scon  that  it  is  very  small,  compact,  and  rugged. 
This  type  is  used  probably  more  than  any  other,  especially  for  portable 
laboratory  instruments.    For  a  voltmeter,  the  coil  b  wound  of  many  turns 


(b) 

Fig.  173. — Showing  conventionally  the  two 
iron  vanes  used  in  the  modem  iron-vane 
meter. 
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of  fine  wire,  and  for  the  ammeter  a  few  turns  of  heavy  wire ;  the  iron-vane 
part  of  the  meter  is  the  same  for  either  ammeter  or  voltmeter. 

Voltmeters  of  this  type  generally  have  about  12  ohms  resistance  per 
volt  of  scale  in  the  higher  voltages.    A  150-volt  meter  might  have  1800 


<-Vane  2 


Fig.  174.  Fig.  175. 

Fig.  174. — The  vanes  of  Fig.  173  are  actually  cylindrical  in  form  in  the  meter;    the 

inner  vane  is  bent  on  a  smaller  radius  than  the  outer,  so  as  to  rotate  freely. 

Fig.  175. — Showing  how  the  two  vanes  of  Fig.  174  are  mounted  with  respect  to  the  coil, 

the  current  of  which  is  to  be  measured. 
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ohms  resistance;  this  gives  a  power  consumption  at  full-scale  deflection 
of  about  12  watts  in  such  a  meter.  The  corresponding  continuous-current 
voltmeter  would  use  less  than  2  watts;  the  difference  is  really  due  to  the 

fact  that  the  permanent  magnet  is 
applicable  to  the  c.c.  instrument 
but  cannot  be  used  with  the  a.c. 
instrument.  In  the  lower  voltage 
ranges,  the  current  required  to 
operate  one  of  these  voltmeters  is 
much  higher  than  the  value  given 
above;  a  15- volt  voltmeter,  for  ex- 
ample, requires  a  current  of  about 
0.2  ampere  to  give  full-scale  read- 
ings. 

The   scales   of   these   iron-vane 

meters  are  more  uniform  than  those 

of  the  dynamometer  type  and  the 

hot-wire   type;    the   scale    can  be 

changed  somewhat  by  properly  shaping  the  trapezoidal  disc  used  in  the 

instrument. 


MOVABLe   VANt 


Fig.  176. — Showing  the  movement  of  a 
modern  iron- vane  meter;  the  movable 
vane  in  this  one  is  rectangular  and  the 
stationary  one  trapezoidal. 


DYNAMOMETER  TYPE  OF  METER 


181 


120.  Dynamometer  T]rpe  of  Meter. — The  dynamometer  type  of  meter 
uses  no  iron  at  all.  There  are  two  sets  of  coils  in  series;  one  set,  con- 
sisting of  two  co-axial  coils,  some  distance  apart,  is  stationarj-,  and  inside 
this  is  pivoted  the  second  set,  generally  consisting  of  only  one  coil,  which 
can  rotate.  This  type  of  instrument  is  illustrated  by  the  Siemens  dyna- 
mometer, the  Kelvin  balance,  and  a  certain  Hne  of  modem  precision 
meters.  ObWously,  the  moving  coil  cannot  carry  verj'  heavy  currents 
imless  special  means  are  used  for  getting  the  current  in  and  out. 

The  meter  is  used  to  a  considerable  extent  as  a  transfer  instrument, 
that  is,  as  an  instrument  which  can  be  calibrated  on  continuous  current 
and  then  used  as  a  secondary  standard  for  calibrating  other  alternating- 
current  instrument's.      For  voltmeters  no  difficulty  of  construction  is 


Fi. 


1 77. — Showing  the  airangemeDt  of  stationary  and  moving  ceils  in  a  dynamometer 
type  of  ammeter,  for  two  positions  of  the  moving  coil. 


encountered,  Ixjcause  the  current  required  for  a  voltmeter  is  not  more 
than  0. 1  ampere,  and  this  can  be  led  in  and  out  of  the  moving  coil  through 
the  springs  which  tend  to  keep  it  in  its  zero  position.  For  ammeters  a 
special  construction  must  he  used,  because  large  currents  cannot  be  carried 
into  the  moving  coil.  The  arrangement  of  coils  used  is  indicated  in  Fig. 
177,  the  two  parts  of  which  show  the  moving  coil  in  its  extreme  positions, 
and  the  circuit  arrangement  is  given  in  Fig.  178.  Diagram  a  of  this 
figure  is  for  a  dynamometer  voltmeter,  and  diagram  6  is  for  an  ammeter. 
For  the  voltmeter  many  turns  of  fine  wire  are  used  in  both  stationary 
and  moving  coils,  and  a  high  resistance  is  inserted  in  series  with  them  to 
hold  the  current  to  a  reasonably  low  value. 

In  the  ammeter  the  8tationar>'  coils,  A  and  B,  are  generally  built  to 
carr>'  5  amperes,  and  the  moving  coil,  C,  carries  but  a  small  fraction  of 
this.     In  series  with  the  stationary  coils  is  an  inductive  shunt,  having 
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the  same  ratio  of  reactance  to  resistance  as  has  the  moving  coil  which 
connects  across  its  terminals.  Only  a  small  part  of  the  5  amperes  is  thus 
carried  through  the  moving  coil  (as  must  be  the  case  if  light  flexible  con- 
nections are  to  be  used  to  lead  the  current  in  and  out  of  this  coil)  but 
this  moving-coil  current  is  directly  proportional  to  the  current  through 
the  meter.  Because  the  power  factor  of  the  shunt  is  the  same  as  that  of 
the  moving  coil,  the  division  of  current  between  them  will  be  independent 
of  the  frequency,  and  therefore  the  instrument  will  be  reasonably  correct 
at  all  commercial  frequencies. 

The  dynamometer  meter  may  be  used  with  a  deflecting  pointer,  as 
are  other  types  of  meters,  but  in  its  more  sensitive  form,  used  for  a 
secondary  standard  with  which  to  calibrate  other  a.c.  meters,  it  is  intended 
as  a  zero-reading  instrument.     A  spiral  spring,  connected  with  the  moving 
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Fig.  178. — Circuit  arrangement  of  a  modern  dynamometer  type  of  instrument;  (a)  is 
for  a  voltmeter  and  (h)  for  an  ammeter. 


coil,  is  so  arranged  that  its  other  end  may  be  turned  to  bring  tlie  deflected 
coil  back  to  its  zero  position.  This  is  done,  and  the  number  of  divisions 
the  spring  has  to  be  turned  varies  directly  as  the  square  of  the  current 
being  measured.  This  type  of  meter  may  be  depended  upon  for  an 
accuracy  of  about  j  of  one  per  cent  if  handled  with  care.  It  may  be 
calibrated  on  continuous  current  by  potentiometer  and  standard  cell,  and 
then  the  meter  may  be  used  to  calibrate  other  types  of  a.c.  meters  by 
direct  comparison, 

121.— The  Wattmeter. — It  was  shown  in  Chapter  III  that  voltmeter 
and  ammeter  readings  in  an  alternating  circuit  were  not  sufficient  to 
obtain  the  power  used  in  the  circuit,  because  the  amount  of  power  used 
depends  upon  the  phase  difference  of  E  and  /,  as  well  as  upon  their  mag- 
nitude. It  is  necessary,  then,  to  have,  in  addition  to  voltmeter  and 
ammeter,  some  means  of  determining  the  phase  angle  between  them  if 
volts  and  amperes  are  to  be  used  to  determine  power.  Power  may,  how- 
ever, be  measured  directly  if  aivattmeter  is  employed;  if,  in  addition  to  the 
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wattiiK't^'r,  voliincttT  and  amrnctor  arc  used,  the  fwwcr  factor  (cosine  ^) 
of  the  circuit  can  \)c  obtained,  becauwc  we  know  that  watts  =  £7  coe  0. 

The  wattmeter  is  always  a  dynainometer-typc  instrument,  the  sta- 
tionary coils  of  which  are  in  series  with  the  load,  and  the  moving  coil  of 
which  is  connected  (in  series  with  a  suitable  limiting  resistance)  across 
the  line  supplying  the  load;  this 
is  indicated  in  Fig.  179.     As  the  A 

induftance  of  coil  C  (the  movable 

is  only  a  few  millihenries, 
aim  :is  the  limiting  resistance  R 
may  be  1000  ohms  or  more,  it  is 

tliat  the  reactance   of   the 
iiioving-coil    circuit    is    negligible 
companMl    to   its    resi.stanco;    the  p,^,    ,79.-The  coil  arrangement  of  a  watt- 
current    in    the    coil   is    therefore         meter  and  its  t-onnections  to  a  circuit. 
])  :it  fically  in  phase  with  the  line 

\  -It age.     Fig.  180  shows  the  apix?arance  of  a  well-known  portable  watt- 
meter and  Fig.  181  shows  the  internal  construction  of  such  an  instrument. 
The  force  tending  to  make  the  movable  coil  deflect  is  proportional  to 
the  rtirrent  through  this  coil  and  the  strength  of  the  magnetic  field  in  which 

il  is  lying;   naturally,  as  both  the  current  through  coil  C  and  the 
in;i;;ni'tic  field  sst  up  by  coils  A  and  B  var>'  sinusoidally,  the  torque 
acting  to  defect  C  will  lx»  a  pulsating  one,  var\ing  from  zero  to  a  maxi- 
mum in  exactly  the  same  way  that  the  single-phase  power  fluctuates. 
The  torque  at  any  instant  may  be  written 

t  =  KirB, (113) 

in  which  t,  is  the  current  through  coil  C,  B  is  the  flux  density  set  up  by 

coils  A  and  B,  and  K  is  a,  constant,  depending  upon  the  number  of  turns 

e 
in  coil  C,  its  diameter,  etc.    As  ic—  p  ,    ,  where  e  is  the  line  voltage  and  r 

tC-j-T 

Is  the  resistance  of  coil  C  (Fig.  179),  and  as  the  flux  density  B  must  vary 
with  line  current  i,  we  may  write  for  the  instantaneous  torque 

<  =  A"ei, (114) 

in  which  K'  involves  K  of  Eq.  (113),  the  resistances  R  and  r,  numlx'r  of 
turns  in  coils  C,  A  and  B,  and  other  constant  factors  of  the  meter  design. 
Now  as  c  =  A'»,sin  w/  and  i  =  /„sin  (w<  — 0)  in  which  <t>  may  have  any 
value  l)etween  —90**  and  -1-90'',  depending  ujwn  the  character  of  the  load, 
we  may  write 

t  =  K'EJ^sinutsin{(J-i(>) (115) 
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POTENTIAL 
ClPfCU/T  SWITCH 


DAMPIHC  KEY 


LOCKINO  KEY 


Fig.  180. — One  typ)e  of  portable  wattmeter,  suitable  for  laboratory  use. 


CURRENT 
COIL 


POTENTIAL 
COIL.     (MOX/ABLC) 


Fig.  181. — Showing  the  internal  appearance  of  the  meter  pictured  in  Fig.  ISO;  the 
potential  coil  has  many  turns  of  fine  wire  and  imbedded  in  the  instruiii(>nt  l).isc 
are  several  spools  of  resistance  wire,  connected  in  series  with  the  coil. 
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The  average  torque  is  the  averafte  value  of  this  expression,  and  by 
reference  to  section  50  it  is  seen  that  the  average  torque  will  be  given  by 

r«  =  A"'£/co6  0 (116) 

But  this  equation  shows  that  the  average  torque  (and  hence  the  deflec- 
tion of  the  moving  coil  against  the  control  spring)  will  Ix?  proportional  to 
EI  008  4>,  which,  we  know,  is  the  power  used  in  the  circuit.  Such  a 
dynamometer  meter  can  therefore  be  calibrated  directly  in  watts,  and 
will  read  the  power  used  in  any  kind  of  load  if  it  is  connected  with  a 
circuit  as  shown  in  Fig.  179.  The  power  will  be  correctly  indicated  no 
matter  what  the  power  factor  of  the  load  may  be,  provided  this  is  not 
too  low  (say  less  than  0.1).  By  the  use  of  ammeter,  voltmeter,  and 
wattmeter  it  follows  then  that  the  power  factor  of  a  load  can  be  at  once 
determined,  and  this  is  actually  how  the  phase  difference  between  the 
voltage  and  current  in  an  ordinarj'  circuit  is  determined. 

It  is  evident  that  the  current  in  the  potential  circuit  of  a  wattmeter 
cannot  be  exactly  in  phase  i^ath  the  voltage  impressed  thereon;  the 
moving  coil  must  have  some  inductance,  and  so,  of  course,  the  current  in 
the  circuit  must  lag  somewhat  behind  the  voltage  on  the  circuit.  In  the 
average  wattmeter  this  lag  Ls  less  than  1®  at  ordinary'  frequencies,  so 
that  no  appreciable  error  results  unless  the  wattmeter  is  being  used  for 
measuring  the  power  in  circuits  of  very  low  power  factors;  in  such  cases 
a  large  error  may  occur.  For  example,  an  ordinary  wattmeter  cannot  be 
used  for  measuring  the  power  loss  in  a  condenser;  the  indication  of  the 
wattmeter  cannot  be  relied  upon  at  all  in  such  a  circuit,  as  the  indicated 
loss  (by  wattmeter)  may  be  onh-  a  small  percentage  of  the  actual  loss, 
or  perhaps  may  even  be  indicated  as  negative.  This  error,  due  to  the 
inductance  of  the  potential  circuit,  results  in  too  small  a  reading  of  the 
wattmeter  on  condensive  circuits,  and  too  large  a  reading  on  inductive 
circuits. 

122.  Capacity  of  a  Wattmeter. — The  wattmeter  consists  of  two  cir- 
cuits, either  of  which  will  Ix?  burnt  out  if  too  much  current  is  sent  through 
it;  this  fact  is  to  l)e  especially  emphasized  in  the  cclc  of  wattmeters, 
liecause  the  reading  of  the  meter  does  not  serve  to  tell  the  user  that  the 
coils  are  being  overheated.  In  the  case  of  an  ammeter  or  voltmeter  which 
is  overloaded,  the  pointer  will  be  indicating  beyond  the  upper  limit  of  its 
scale;  in  the  case  of  the  wattmeter,  both  the  current  and  potential  circuits 
may  be  carr>'ing  such  an  overload  that  their  insulation  is  burning,  and 
yet  the  pointer  may  be  only  part-  way  up  the  scale.  This  is  because  the 
position  of  the  pointer  depends  upon  the  power  factor  of  the  circuit  as 
well  as  upon  the  voltage  and  current.  Thus  a  low  power-factor  circuit 
will  give  a  ver>*  low  reading  on  the  wattmeter  even  when  the  current  and 
potential   circuits  are  loaded  to  the  maximum  safe  limit.    This  safe 
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rating  is  generally  plainly  given  on  the  face  of  the  meter,  as  can  be  seen 
in  the  wattmeter  dial  shown  in  Fig.  182. 

A  wattmeter  is  always  distinctly  rated,  not  in  watts  but  in  volts  and 
amperes,  and  care  must  be  exercised  to  see  that  neither  of  these  limits  is 
passed.  A  certain  wattmeter  may  be  rated  150  volts  and  5  amperes. 
The  scale  of  such  a  meter,  marked  in  watts,  probably  will  not  be  more 
than  600;  therefore,  full  rated  voltage  and  current  on  resistive  load  would 
make  the  pointer  move  off  the  scale.  As  loads  do  not  generally  have 
unity  power  factor,  and  as  the  current  and  voltage  limits  arc  not  reached 
at  the  same  time,  the  scale  will  be  more  generally  useful  if  the  springs  on 


Fig.  182. — The  limits  of  both  current  and  potential  circuits  of  a  wattmeter  are  always 
clearly  indicated;  with  the  meter  shown  here  not  more  than  25  amperes  must  be 
passed  through  the  current  coil,  nor  must  a  voltage  in  excess  of  150  be  impressed 
on  the  potential  circuit. 


the  moving  coil  are  designed  to  give  full-scale  reading  at  about  80  per  cent 
of  the  safe  volt-amperes  of  the  meter. 

Suppose  that- the  above  wattmeter  (150  volts  and  5  amperes)  is  being 
used  to  meter  a  110-volt  circuit  carrying  5  amperes  at  10  per  cent  power 
factor.  The  power  used  is  110X5X.1=55  watts,  which  will  make  the 
pointer  occupy  a  position  at  less  than  10  per  cent  of  full-scale  reading. 
Evidently,  an  accurate  reading  of  this  power  cannot  be  obtained  (even  if 
the  error  due  to  the  reactance  of  the  potential  circuit  is  neglected).  For 
such  circuits,  wattmeters  arc  available  which  are  made  with  much  lighter 
springs  on  the  moving  coil  and  which  will  indicate  full-scale  reading 
when  perhaps  20  per  cent  of  the  rated  volt-amperes  of  the  meter  are 
passing  through  it.     Such  a  low  power-factor  wattmeter,  for  150  volts  and 
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5  amperes,  woultl  have  a  full-scale  reading  of  150  watt>?;  it  would  be  built 
the  same  as  is  the  ordinary  wattmeter,  but  it«  springs  would  Ix;  much 
weaker.  The  ordinar>'  portable  wattmeter  uses  from  10  to  20  watt«  in 
its  circuits  when  carrying  fvill  load. 

123.  The  Induction  Type  of  Meter.— By  an  ingenious  construction,  it 
Is  possible  to  utilize,  in  the  design  of  alternating-current  instrumentu, 
a  principle  which  Is  not  available  for  continuou.s-current  meters,  as  will 
l)e  explained  in  detail  in  Chapter  VIII,  which  describes  the  operation  of 
an  induction  motor.  It  is  possible,  by  suitable  alternating  currents  in 
coils,  to  set  up  a  so-called  rotating  magnetic  field.    This  idea  is  indicated 


Fig.  183. 


Fig.  184. 


^3. — A  conventional  diagram  to  illiutrate  the  action  of  two  seta  of  coils,  carrying 
currents  of  different  phases,  setting  up  a  rotating  magnetic  field. 
Fia.  184. — Such  a   magnetic  structure,   supplied  with  single-phaae  current  in  coils 
P-P,  will  produce  a  rotating  magnetic  field  in  core  C 


in  Fig.  183.  Suppose  that  four  poles  are  wound  in  pairs,  1  and  2  having 
their  coils  in  series,  and  3  and  4  having  their  coils  in  series,  and  that 
alternating  currents  of  different  phases  are  sent  through  these  coils. 
Suppose  that  two-phase  currents  are  sent  through  them;  at  a  certain 
instant  there  is  a  magnetic  field  from  1  to  2,  and  there  is  at  this  instant 
no  field  across  from  3  to  4  (because  when  the  current  in  1-2  is  a  maximum, 
the  current  in  3-4  is  zero).  An  instant  later  the  current  in  1-2  has 
dropped  to  zero,  and  that  in  3-4  has  built  up  to  a  maximum ;  hence  there 
will  be  a  magnetic  field  across  3-4.  Halfway  between  the  two  instants 
just  considered,  there  will  be  field  across  1-2,  as  well  as  across  3-4,  so  that 
the  resultant  field  will  l)e  lietween  these  two  positions. 

If  wo  cfnisiflf-r  suc<"ossivo  instants  of  time,  it  will  be  found  that  the 
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magnetic  field  seems  to  rotate  (clockwise  for  the  condition  assumed  in 
Fig.  183)  at  a  uniform  rate.  Any  piece  of  metal  located  between  the 
poles  will,  of  course,  be  dragged  around  in  the  direction  of  the  field, 
because  of  the  force  between  the  eddy  currents  set  up  in  the  metal  and 
the  rotating  field. 

Evidently,  if  two-phase  currents  were  available,  the  scheme  of  Fig.  183 
would  be  applicable,  but,  in  general,  meters  are  required  for  single-phase 
operation.  An  instrument  constructed  as  shown  in  Fig.  184  will,  how- 
ever, act  as  though  it  were  supplied  by  two-phase  current,  in  so  far  as  the 
rotating  field  is  concerned,  and  the  construction  illustrated  in  this  figure 
brings  out  the  fundamental  principle  of  all  induction-type  meters.  The 
horseshoe-shaped  part  of  the  magnetic  circuit,  a-a-a  is,  made  up  of  punch- 


FiG.  185. — Current  in  coil  P  (Fig.  184)  will  produce  a  magnetic  field  as  delineated 
in  (a),  whereas  current  in  coil  S  will  tend  to  give  a  field  as  shown  in  (6). 

ings,  as  is  the  cylindrical  core,  C.  An  air  gap,  G,  between  the  core  and 
the  pole  pieces,  is  sufficiently  wide  to  permit  the  turning  of  an  aluminum 
cylinder  which  serves  as  the  moving  part  of  the  meter.  The  laminations 
are  wound  with  two  coils,  P  and  S,  one  of  which,  P,  is  connected 
directly  in  series  with  the  circuit  in  which  the  current  is  to  be  measured 
(if  the  meter  is  designed  as  an  annneter).  The  second  coil,  S,  is  short- 
circuited  on  itself,  and  further  differs  from  the  first  in  that  it  has  some 
turns  in  the  slots  of  the  pole  faces.  If  this  second  circuit,  S,  has  been 
properly  designed,  the  current  set  up  in  it  by  its  mutual  induction  with 
circuit  P  will  lag  behind  the  current  in  circuit  P  by  such  an  amount  that  the 
sequence  of  fluxes  produced  by  the  two  coils  as  shown  in  Fig.  185.  The  re- 
sult of  these  two  coils,  both  magnetizing  the  pole  pieces,  is  then  as  shown 
in  Fig.  185,  a  and  h.  At  the  instant  when  the  current  in  P  is  a  maximum, 
the  flux  has  the  direction  shown  in  sketch  a;  coil  S  is  ineffective  at  this 
moment  as  the  current  through  it  is  zero.     A  quarter  of  a  cycle  later, 
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however,  the  current  in  coil  P  has  dropped  to  zero  and  that  in  coil  <S  is  a 
maxiinuin,  and  the  flux  set  up  in  the  pole  face  has  somewhat  the  distri- 
bution shown  in  sketch  6.  It  might  seem  that  coil  S  would  also  give  some 
fitix  in  the  direction  shown  in  sketch  a,  l)ecause  of  the  turns  it  has  on  the 
the  horseshoe,  but  as  this  is  wound  in  opposite  directions  on  the 
two  ix>les,  there  is  no  tendency  to  send  flux  all  around  the  magnetic 
circuit;  at  this  instant,  therefore,  the  flux  would  have  the  distribution 
shown  in  sketch  b  of  Fig.  185.  Ninety  degrees  (electrical)  later  the  flux 
will  have  come  back  to  the  position  shown  in  Fig.  185a,  but  it  will  be 
in  the  reverse  direction,  from  right  to  left,  instead  of  from  left  to  right. 
And  still  90°  later  the  flux  will  have  come  back  to  the  position  shown  in 
Fig.  1856,  but  in  the  reverse  direction,  that  is,  down  instead  of  up.    Hence 


F.ii.  186. — The  moving  element  of  a  meter  operating  on  the  induction  principle. 

such  an  arrangement  of  coils  and  iron  core  is  able  to  produce  from  a  single- 
phase  circuit  a  rotating  magnetic  field. 

In  the  air  gap  of  the  magnetic  structure  is  placed  an  aluminum  cylinder 
properly  fitted  with  shaft  and  bearings  so  that  it  can  turn ;  such  is  shown 
in  Fig.  186.  The  rotating  magnetic  field  will  set  up  eddy  currents  in  the 
cylinder,  tending  to  make  it  revolve  in  the  same  direction  as  the  magnetic 
field.  It  is  held  from  tuniing  by  a  spiral  spring,  and  as  the  tendency  to 
turn  increases,  the  pointer  is  twisted  farther  and  farther  around.  The 
scale  of  such  an  instrument  is  verj'  long,  generally  reaching  over  nearly 
360°  of  arc.  This  induction  type  of  meter  may  be  made  for  ammeter  (as 
descrilxnl  above),  for  voltmeter  by  making  coil  P  of  many  turns  of  fine 
wire,  and  for  wattmeter  by  using  coil  P  of  many  turns  of  fine  wire  for  the 
potential  circuit  and  coil  <S  of  few  turns  for  the  current  circuit  of  the  watt^ 
meter.  There  are  certain  compensating  actions  occuring  in  this  type  of 
meter  which  makes  them  nearly  free  of  errors  due  to  variation  of  fre- 
quency and  temperature.  Because  of  the  large,  open  scale,  they  are  espe- 
cially good  for  switch)M)ard  installation,  and  are  much  used  in  such  places. 
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The  actual  construction  of  one  of  these  rotating-field  induction  meters  is 
shown  in  Fig.  187. 

124.  High-frequency  Meters. — None  of  the  meters  so  far  described 
is  good  if  used  with  frequencies  above  a  few  hundred  cycles  per  second; 
even  here  they  have  somewhat  large  errors  which  must  be  cared  for.  At 
100,000  cycles  per  second,  or  possibly  a  million  or  more,  all  these  types 
of  meters  will  be  inoperative.  In  the  case  of  an  ammeter,  the  impedance 
of  the  coil  would  be  so  great  that  it  would  require  hundreds  of  volts  to 
force  the  current  through;  in  the  case  of  a  voltmeter  practically  no  current 
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Fig.  188, 


Fig.  187. — Showing  the  assembly  of  an  induction  type  of  meter.  The  four  roils 
fitted  in  the  pole  faces  are  easily  seen  as  well  as  the  resistance  wire  through  which 
they  are  short-circuited.  The  large  permanent  magnet  is  for  damping  the  motion 
of  the  moving  element. 

188. — The  general  form  of  low  current-capacity,  hot-wire  ammeters.  The 
current  to  be  measured  traverses  the  thin  wire  A-B,  heats  and  expands  it,  and  so 
permits  the  spring  to  move  the  pointer  over  the  scale. 


Fig. 


would  flow,  because  of  the  high  reactance  of  the  circuit.  Thus  a  voltmeter 
intended  for  use  at  60  cycles  might  have  1200  ohms  resistance  and  15 
millihenries  inductance.  At  60  cycles  the  impedance  would  be  1200  ohms 
within  the  precision  of  ordinary  measurement.  At  a  million  cycles  its 
reactance  would  be  nearly  100,000  ohms. 

Iron-vane  meters  would  not  work  at  all,  because  of  the  excessive 
eddy-current  and  hysteresis  losses.  A  high-frequency  meter  must  there- 
fore be  so  designed  that  it  has  no  iron  and  no  appreciable  reactance;  the 
two  types  of  meter  which  have  so  far  found  application  are  the  hot-wire 
meter  and  the  thermocouple  meter. 
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In  the  hot-wiro  type  of  niet<M-,  tin-  c  umnt  is  made  to  travorso  a  tliin, 
high-rcswtance  wire  which,  U^causc  of  its  rising  temperature,  expands  and 
allows  a  spring  to  turn  the  indicating  poinU-r.  In  it«  simpler  form,  the 
current  is  passed  through  the  wire  U^tween  jwsts  A  and  B,  Fig.  188.  A 
silk  fiber,  fast<»ned  to  a  glass  l)ea<i  threaded  on  the  hot  wire,  winds  around  a 
drum  on  the  shaft  of  the  meter.  The  drum  is  continually  tending  to  turn 
clockwise  because  of  the  action  of  spring  D,  and  when  wire  AB  expands, 
the  tlrum  turns  and  the  pointer  moves  over  the  scale.    To  correct  for 
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Fia.  189. — For  high  capacities,  meters  of  the  hot-wire  type  have  barrel-like  arrange- 
ments of  thin,  resistance-metal  strips  as  the  heating  element. 

room  temperature,  support  B  is  adjustable,  to  change  the  initial  tension 
of  the  wire.  This  enables  the  operator  to  make  the  zero  correction  which 
is  necessary  as  the  room  temperature  changes. 

In  lai^  capacities,  a  barrel-like  arrangement  of  many  thin  platinum- 
iridium  ribbons  is  used  for  the  hot  wire,  as  shown  in  Fig.  189.  In  this 
form  the  meter  can  be  made  in  ranges  as  high  as  200  amperes  or  more. 
The  most  sensitive  meters  of  this  type  require  about  50  niilHainperes  to 
give  full-scale  deflection;  the  wire  for  such  meters  is  so  {iiic  as  to  be 
scarcely  visible  to  the  naked  eye.  In  the  barrel-like,  high-range  meters, 
the  ribbon  used  must  be  very  thin  if  errors  are  not  to  Ix;  introduced  by 
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Fig.  190. — In  the  better  type 
of  thermocouple  meters, 
the  current  to  be  meas- 
ured passes  through  a 
small  wire,  R,  across  which 
is  straddled  the  thermo- 
couple. Sometimes  the 
thermocouple  is  welded  to 
the  heater  instead  of 
merely  resting  on  it. 


large  changes  in  frequency;    actually  the  ribbons  are  only  one  or  two 
thousandths  of  an  inch  in  thickness. 

The  thermocouple  meter  depends  upon  the  continuous  e.m.f. 
developed  at  the  junction  of  two  dissimilar 
metals;  if  the  junction  is  heated  by  the  alter- 
nating current  to  be  measured,  a  continuous- 
current  millivoltmeter  connected  to  the  couple 
serves  as  a  measure  of  thp  alternating  current. 
Sometimes  the  alternating  current  flows 
through  the  junction  itself,  but  as  such  a 
meter  cannot  be  calibrated  on  continuous 
current  it  is  seldom  employed.  Generally  a 
heater  is  used,  as  shown  in  Fig.  190.  A  thin 
ribbon  of  high-resistance  metal  is  fastened  be- 
tween the  two  terminals  of  the  instrument,  A 
and  B;  a  sensitive  thermocouple,  E,  is  welded 
to  the  ribbon,  and  the  other  end  of  the  couple 
is  connected  to  posts  C  and  D.  To  these 
posts  a  continuous-current  millivoltmeter  is  connected.  As  the  tem- 
perature of  the  heater  varies 
with  the  square  of  the  cur- 
rent, and  as  the  thermal  e.m.f. 
of  the  junction  varies  as  the 
temperature  of  the  hot  junc- 
tion (fastened  to  the  heater), 
the  reading  of  the  millivolt- 
meter is  proportional  to  the 
square  of  the  current  in  the 
heater. 

In  the  high  ranges  this 
thermocouple  meter  is  built 
for  many  amperes,  and  in  the 
more  sensitive  types  is  per- 
haps good  for  as  low  as  25 
milliamperes  full  scale.  The 
heater  and  the  couple  are  in- 
closed in  an  evacuated  glass 
bulb.  For  such  couples  (illus- 
trated in  Fig.  191)  the  heater 
may  have  as  much  as  1000 
ohms  resistance,  being  made 

of  carbon  filament  or  platinized  glass  cai)illary  tubes;  the  higlu>r  this 
resistance,  the  more  sensitive  is  the  device  as  an  ammeter. 


Fig.  191. — Atypical  vaciuun  tlu'rnioctuipUv  The 
heater  wire  is  stretched  between  the  outer  jiair 
of  prongs  while  the  inner  pair  carries  tlu> 
thermocouple.  This  instrument  gives  0.(X)1  volt 
on  the  couple  for  about  15  milliamperes  through 
the  heater. 
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125.  Instrument  Transformers.  11  it  is  desired  to  extend  the  ranjje 
of  a  continuous-current  voltmeter,  a  suitable  resistance  is  put  in  series 
with  the  instrument;  if  the  range  of  an  ammeter  is  to  be  increased  a  larger 
shunt  is  used.  Ik)th  of  these  ex|)edients  might  l)c  used  also  for  alternating- 
current  instruments,  but  certain  errors  will  probably  occur  (due  to  effects 
not  present  in  c.c.  circuits),  and  furthennore  it  Ls  not  desirable  in  high- 
voltage  circuits  that  the  meter  itself  should  Ix;  electrically  connected  to 
the  power  line  at  all,  even  through  a  high  resistance.  It  is  evident  that 
if  an  ammeter  were  connected  directly  in  series  with,  say,  a  100,000-volt 
line,  the  operator,  coming  near  the  meter  for  reading  or  adjustment, 
would  receive  a  fatal  shock.  And  in  the  case  of  a  voltmeter,  not  only 
would  the  danger  be  present,  but  also  a  great  deal  of  power  would  be 
unnecessarily  used.  Thus,  if  a  voltmeter  of  the  dynamometer  type 
(taking  0.1  anijx're)  were  used,  the  power  consumed  in  a  series  resistance 
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192. — Instrument*  used    for   metering  high-voUage  lines   are  always  operated 
through  suitable  transformers,  which  arc  insulated  for  high  voltage. 


would  Ije  10  kw.,  and  this  expenditure  of  energy  is  entirely  unnecessary'. 

Shunts  are  practically  never  used  with  alternating-current  ammeters 
l)ecause  of  the  difficulty  of  making  such  shunts  accurate,  so  that  changes 
in  frequency  would  not  introduce  errors  of  calibration.  If  a  shunt  is  to 
\)C  used  it  must  have  exactly  the  same  power  factor  as  the  meter  to  which 
it  is  to  be  connected,  and  no  flexible  connections  are  allowable;  a  change 
in  their  dLsixisition  would  appreciably  change  the  reactance  of  the  circuit 
of  which  they  formed  a  part.  To  obviate  these  difficulties,  instrument 
transformers  are  always  used  when  meters  are  to  be  connected  to  high- 
voltage  circuits. 

The  general  theory  of  a  transformer  is  taken  up  in  Chapter  VII;  it  is 
sufficient  here  to  say  that  a  transformer  consists  of  two  separate  electric 
circuits  on  the  same  iron  core,  the  two  windings  being  well  insulated  from 
each  other,  so  that  even  if  one  winding  is  connected  to  a  100,000-volt 
transmission  line,  the  other  winding  may  be  handled  without  danger  of 
shock.     In  the  case  of  the  current  transformer,  it  is  customary  to  so  pro- 
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portion  the  number  of  turns  in  the  windings  that,  for  any  specified  value 
of  current  in  the  power  Hne,  the  current  in  the  secondary  coil  to  which 
the  ammeter  is  connected  will  not  exceed  5  amperes.  Thus,  if  the  high- 
voltage  line  is  to  carrj^  1000  amperes  at  full  load,  the  current  transformer, 
by  which  this  current  will  be  metered,  would  be 
so  proportioned  that  1000  amperes  in  the  pri- 
mary winding  (in  series  with  the  transmission 
line)  would  give  5  amperes  in  a  secondary  wind- 
ing to  which  a  5-ampere  meter  would  be  con- 
nected. This  transformer  would  be  designated 
as  a  200 :  1  current  transformer,  and  the  ammeter 
to  be  used  in  conjunction  with  it  would  really 
be  a  5-ampere  meter,  but  it  would  \)e  marked 
with  a  1000-ampere  scale.  The  insulation  be- 
tween the  primary  winding  and  the  core,  as  well 
as  that  between  primary  and  secondary  wind- 
ings, would  have  to  stand  100,000  volts  and  so 
would  have  to  be  tested  at  the  factory  to  at  least 
200,000  volts.  The  connection  of  a  current 
transformer  to  one  wire  of  a  three-phase  trans- 
mission line  is  shown  in  Fig.  192a. 

It  is  customary  to  so  design  voltage  trans- 
formers that  the  secondary  side  generates  no  more 
than  150  volts,  no  matter  what  voltage  the 
pi'imary  side  has  been  designed  for.  Thus  a 
voltage  transformer  to  be  used  in  conjunction 
with  the  transmission  line  of  Fig.  192  would  have 
a  ratio  of  1000:1,  so  that  100,000  volts  on  the 
line  would  give  100  volts  on  the  voltmeter. 
Fio.  193. — A  current  trans-  This  voltmeter   would,  however,  have  its   scale 

former  for  use  in  a  high-  calibrated  in  terms  of  transmission-line  voltage; 
voltage     hne;     there     is   ^^^^  .      ^^j^^^    .^  ^^^    ^^^^^.  ^^^^jj^        ^qq  ^^j^^^ 

practicaHy     no     voltage     ,  '  ,  i    .     ,.      ,      ^^r^  ^,^,^        i,  -.^r, 

across  the  primary  wind-  the  scale  would  mdicate  100,000  volts   or   100 

ing,  both  leads  going  down  kilovolts,  as  indicated  in  Fig.  1926.     This  trans- 
the  same  insulator.    The  former  also  would  have  to  be  highly  insulated,  as 
highest  grade  of  insula-  explained  for  the  current  transformer, 
tion  is  required  between         Although  such  transformers  have  to  supply 
primary   and    secondary,        ,  -  /•  i    ■ 

the  latter  being  at  ground  only  a  few  watts  (just  enough  to  operate  one  or 
potential.  two  meters)  they  are  very  bulky  because  of  the 

space  required  for  the  insulation.     Figure   193 

?hows  a  current  transformer  for  use  on  a  150,000-volt  transmission  line. 
For  lal)oratory  work  these  instruments  are  made  in  much  smaller 

sizes;   thus  a  common  potential  transformer  has  a  ratio  of  2200: 110,  so 
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that  a  loO-voh  voiimctor  may  W  used  in  K'stiiiR  2200-volt  circuii^. 
Current  transformers  are  n\ade  in  such  a  form  that  different  ratios  arc 
obtainable;  in  one  common  type  the  number  of  turns  in  a  primarj'  may 
be  clianged  at  will  so  that  any  current  ratio  is  obtainable.  Thus  a  5-ampere 
ammeter  l>ecomes  suitable  for  testing  nmchines  and  circuits  no  matter 
how  much  current  they  actually  use.  Whereas  the  laboratory  transform- 
ers are  built  for  a  rated  load  of  about  15  watts,  the  larger  ones  (Fig.  1931 
will  deliver  much  more,  enough  to  operate  trip  coils,  relays,  etc. 


Fi<;.  194. — The  rvahi  of  this  frequency  meter  arc  mounted  on  a  fltxilile  metal  strip 
which  is  caused  to  vibrate  by  the  clcctnimagnet  seen  in  the  upinr  ripht  part  of  the 
figure;  that  reed  having  a  natural  frcciuency  equal  to  t\uit  caused  by  the  electnv 
magnct  will  vibrate  most  strongly. 


126.  Frequency  Meters. — There  are  two  general  types  of  meters  used 
for  measuring  the  frecjuency  of  an  alternating  current.  The  simpler  one 
is  an  electromagnet  excited  by  the  current  to  be  tested,  ha\'ing  close  to  it 
a  aeries  of  thin  metal  reeds  which  are  attached  to  a  flexibly  supported 
base  bar;  to  this  bar  is  attached  a  piece  of  soft  iron  which  is  attracted 
by  a  pair  of  electromagnets  excited  by  the  current,  the  frequency  of  which 
is  to  be  determined.  The  vibration  of  the  base  block,  thus  brought 
about,  causes  all  the  metal  reeds  to  vibrate  a  little,  but  the  one  that  has  a 
natural  period  equal  to  that  of  the  alternating  current  is  the  only  one  that 
vibrates  with  a  large  amplitude.     The  reeds  are  so  designed  as  to  have 
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natural  frequencies  of  59,  60,  61  vibrations  per  second,  etc.,  this  adjustment 

generally  being  accomplished  by 
using  various  lengths  and  suit- 
ably loaded  reeds. 

In  frequency  meters  built  on 
the  principle  of  an  electromagnet 
attracting  a  piece  of  soft  iron 
it  is  comparatively  simple  to 
double  the  readings  of  frequency 
by  the  addition  of  a  permanent 
magnet.  As  the  soft  iron  arma- 
ture is  attracted  to  the  electro- 
magnet no  matter  which  way 
the  current  flows  through  the 
magnet  it  is  seen  that  a  60-cycle 
current  would  attract  a  piece  of 
soft  iron  120  times  a  second. 
Thus  the  natural  mechanical  fre- 
quency of  the  reed  which  is  to 
respond  to  a  60-cycle  current 
must  be  120  vibrations  per  sec- 
ond. If  now  the  field  of  a  per- 
manent magnet  is  superimposed 


Fig  195. — Front  view  of  a  frequency  meter 
intended  for  frequencies  from  20  to  80  cycles 
per  second;  the  doubling  of  the  range  (in- 
dicated by  the  double  figures  in  the  scale) 
is  accomplished  by  using  a  permanent  mag- 
net in  conjunction  with  the  electromagnet, 


the  various  posts  are  for  different  voltages. 
on  that  of  the  electromagnet  and  the  field  strength  of  the  permanent 
magnet  is  the  same  as  that 
of  the  maximum  strength 
of  the  electromagnet  then 
with  a  60-cycle  current 
through  the  electromagnet 
the  iron  armature  will  be 
attracted  only  60  times  a 
second.  Thus  a  reed  with 
a  natural  mechanical  fre- 
(juency  of  60  per  second  will 
respond  when  a  30-cycle 
current  is  flowing  through 
the  electromagnet  with  the  Fig.  196.— If  one-half  of  the  pole  of  an  electromagnet 
permanent  magnet  moved  is  surrounded  by  a  collar  of  good  conductor,  the 
away  and  to  a  60-cycle  cur-       magnetic  field  set  up  in  the  pole  "moves  across" 

rent  when   the   permanent      '^'  f^''^'  ";7'"«  ^^^t  *^  'f'''.'  '^"""^  ^  t^^' 
.  .  mg  coil.     If  one-half  of  the  pole  is  covered  by  a 

magnet  acts  m  conjunction      ^j^^^^  ^^^  ^^^^^j,^^  ^j^^  ^.^^^  ^ff^^,^  -^  obtained. 

with   the  electromagnet. 

In  the  reed  freciuency  meter  a  permanent  magnet  is  so  mounted  that 
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its  i'lvUl  may  U'  8uperiini>ofl<Hl  on  that  of  the  cloctroinagnot  or  not,  as 
(h'sirttl;  thus  a  meter  which  ha«  a  range  of  from  20  to  40  cycles,  by  the 
adilition  of  the  magnet  has  its  ranf^e  changetl  to  from  40  to  80  cycles. 

The  general  idea  of  this  typ(»  of  frequency  meter  is  shown  in  Fig.  194, 
and  Fig.  195  shows  the  face  of  such  an  instrument.  Fractional  cycles 
per  second  are  readable  on  this  type  of  meter  even  though  the  reeds  them- 
selves are  separatee!  by  whole  cycles.  If,  for  example,  the  o9-cycle  reed  is 
vibrating  quite  strongly  and  the  60-cycle  reed  is  showing  small  vibration, 
the  frec^uency  is  alx)ut  59i  cycles  per  second. 

In  the  other  type  of  frequency  meter,  the  instrument  works  on  some 
kind  of  a  balancing  eflfect  l)etween  a  reactive  and  a  resistive  circuit,  the 
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197. —  The  iiidiic-tion  type  of  frequency  meter  utilizer  the  idea  of  balancing  the 
torque  from  a  resistive  circuit  against  that  from  a  react  iv(>  ciri-tiit. 


Imlance  changing  if  the  fn  qu<  ncy  changes.  In  out'  of  tlxsc  types,  the 
so-called  "  shading  roil  "  piiiuiple  is  used,  a  principle  whitli  has  much 
application  in  other  tyj)es  of  a.c.  ap()aratus.  The  simple  idea  is  illus- 
trated in  Fig.  196;  around  one-half  of  one  pole  of  a  laminated  electromag- 
net, through  which  alternating  current  is  lx>ing  passed,  is  placed  a  copper 
ring.  Sometimes  the  face  of  one-half  of  the  pole  is  covered  with  a  copper 
plate  and  the  same  effect  is  obtained.  An  alternating  flux  is  set  up  by  the 
winding  and  will  naturally  induce  currents  in  the  copper  collar;  the  cur- 
rents in  this  collar  will  so  act  as  to  make  the  field  build  up  in  this  part  of 
the  magnetic  path  later  than  in  the  part  around  which  there  is  no  copper 
collar.  The  net  effect  is  to  give  a  magnetic  field  which  "  sweeps  across  " 
the  pole  face  from  the  jxirt  without  the  collar  to  the  part  enclosed  by 
the  collar.  A  metal  disc  l)etween  the  poles  will  therefore  have  eddy 
nirtvnts  indiu-fvl  in  it.  and  these  currents  will  rea«"t  with  the  magnetic 
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field  so  as  to  turn  the  disc  in  the  direction  in  which  the  flux  is  moving. 
The  disc  will  therefore  tend  to  turn  in  the  air  gap  from  the  uncovered 
part  of  the  pole  to  that  part  which  is  covered  or  enclosed  by  the  copper 
collar. 

The  torque  exerted  on  the  disc  varies  with  the  square  of  the  voltage 
impressed  on  the  electromagnet  (with  constant  frequency),  and  directly 
with  the  frequency  for  a  given  current  through  the  magnet;  this  principle 
is  therefore  available  for  making  ammeters,  voltmeters,  and  frequency 
meters.  In  the  frequency  meter  two  such  shaded-pole  magnets  are 
employed  in  connection  with  a  specially  formed  alum.inum  disc.  The 
connection  scheme  and  shape  of  disc  are  shown  in  Fig.  197.     Both  electro- 


FiG.  198. — Internal    and    external    appearance    of    a    frequency  meter   built    on  the 

l)rincii)lc  shown  in  Fig.  197. 


magnets  are  connected  across  the  line,  the  frequency  of  which  is  to  be 
determined,  but  one  is  in  series  with  a  reactance  and  the  other  in  series 
with  a  resistance.  Both  magnets  have  their  shading  coils  on  the  same 
side  of  their  poles,  so  that  the  two  magnets  give  oppositely  directed  torques 
to  the  disc.  A  circular  disc  would  evidently  maintain  no  position  of 
equilibrium  under  such  conditions;  hence  the  disc  is  so  cut  that  the  side 
under  the  pole  of  magnet  A  is  circular,  and  that  under  the  pole  of  magnet 
B  circular  but  eccentric.  Owing  to  this  shape,  the  area  of  disc  under 
magnet  A  remains  constant  as  the  disc  turns,  while  that  under  magnet  B 
varies,  decreasing  as  the  disc  turns  counter-clockwise. 

Such  being  the  case,  at  any  given  frequency  the  disc  will  have  a  point 
of  stable  equilibrium  when  the  amount  of  metal  under  the  two  poles  is 
such  that  the  two  torques  balance.  If  the  disc  is  displaced  clockwise, 
more  area  is  exjjosed  to  pole  B,  so  that  its  torque  overbalances  that  of  A 
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and  the  disc  turns  in  tho  (lirpciion  oi  ih<'  i<»«4Ut'  of  B,  that  is,  counter- 
(•ItMjkwlse.  Now,  if  the  frociucncy  stays  constant  but  tho  voltage  of  the 
line  increases.  Ixitli  torques  will  increase  in  the  sanio  proportion  and  the 
|)<)sition  of  the  disc  will  remain  the  same;  if,  however,  voltage  l)eing 
constant,  the  freciuency  decreases,  the  flux  in  magnet  B  will  increase,  and 
l)ecause  of  this  increase  in  flux  the  torque  of  B  will  become  greater  and  the 
disc  will  turn  counter-clockwise  until,  as  a  result  of  tho  docroasod  area 
under  magnet  B,  its  torque  is  again  balanced  by  that  of  .1 .  As  tho  torque 
on  the  disc  varies  with  the  square  of  the  flux  density  in  the  disc  and  with 
tho  frequoncj-,  it  is  soon  that  tho  torque  of  B  is  increased  and  that  of  A  is 
decreased  by  decreasing  frequency.  This  increase  in  torque  in  B  occurs 
in  spite  of  the  decreased  frequency,  because  of  the  greater  effect  of  the 
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Fia.  199. — ShowinR  the  coil  arranRement  and  circuit  connections  of  a  single-phase 
power-factor  meter  in  diagram  a  and  the  form  of  the  rotating  iron  vane  in  b. 


increased  flux.  The  construction  and  external  appoaiaiuc  of  a  frequency 
motor  which  operates  on  the  principles  just  outlined  Ls  .•^hown  in  Fig.  198. 
127.  Power-factor  Meters. — A  power-factor  motor  must  evidently 
work  on  some  principle  which  will  place  the  moving  element  (carrj'ing  the 
indicating  pointer)  in  a  position  which  depends  upon  the  phase  of  the 
current  in  the  current  coil  with  respect  to  that  of  the  current  in  the 
potontial  coil,  which  lattor  should  be  in  phase  with  the  voltage  of  the  line. 
Furthermore,  the  moving  element  must  take  the  same  position  (for  a 
given  phase  displacement  between  these  two),  irrespective  of  the  magnitude 
')f  either  the  voltage  or  current.  None  of  the  movements  so  far  described 
is  suitable  to  perform  such  a  task ;  the  power-factor  motor  involves  another 
principle.  One  type  of  single-phase  power-factor  motor  works  on  the 
principle  suggested  in  Figs.  199  and  200.  From  Fig.  199  it  is  seen  that 
'  hero  are  three  coils  and  an  iron  vane  used  in  the  essential  part  of  the  meter. 
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The  two  outer  coils,  A  and  B,  are  similar  in  construction  and  are  placed 
at  right  angles  to  one  another.  One  is  connected  to  the  line  through  a 
high  resistance  and  the  other  through  a  high  reactance,  so  that  their 
currents  will  be  90°  out  of  phase  with  each  other.  Such  a  combination 
of  currents  and  coils  will  produce  a  rotating  magnetic  field,  as  was  shown 
in  connection  with  Fig.  183. 

Coil  C  has  its  axis  at  right  angles  to  the  axes  of  coils  A  and  B,  and  is 
placed  in  series  with  the  line,  so  that  the  line  current  flows  through  it. 
It  will  have  an  alternating  magnetic  field  of  the  same  frequency  as  that  of 
coils  A  and  B,     Pivoted  on  the  axis  of  coil  C  is  a  light  iron  vane  of  peculiar 
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Fig.  200. — Internal  construction  of  a  single-phase  power-factor  meter,  the  principle 
of  operation  of  which  is  given  in  Fig.  199. 


shape,  as  shown  in  diagram  6  of  Fig.  199;  in  diagram  a  of  this  figure  is  shown 
the  disposition  of  the  parts  of  this  form  of  power-factor  meter.  This  iron 
vane  (of  thin,  soft  iron)  can  reverse  its  magnetization  with  the  reversing 
current  in  coil  C.  The  force  exerted  between  this  magnetized  iron  vane  and 
the  rotating  magnetic  field  of  coils  A  and  B  is  such  that  the  vane  tends 
to  pull  into  such  a  position  that  when  the  magnetization  of  the  vane  is  a 
maximum,  the  vane  lines  up  with  the  position  of  the  rotating  magnetic 
f:old  at  that  instant.  As  the  phase  of  the  current  changes  with  respect  to 
that  of  the  voltage,  the  iron  vane  will  have  its  maximum  magnetization 
when  the  rotating  field  has  different  positions,  so  that  a  pointer  attached 
to  the  free  iron  vane  (it  has  no  springs  or  other  restoring  force)  can 
move  over  a  scale  graduated  in  powoi-  factor. 
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ii  111,  ,«.,,  ..lial  circuit  of  such  a  meter  is  left  closed,  with  no  current 
(or  only  a  ver>'  small  current)  in  the  current  coil,  the  iron  vane  will  rotate 
rapidly,  tr>'ing  to  keep  up  with  the  rotating 
magnetic  field ;  if  the  current  coil  is  closed 
and  the  potential  circuit  is  open,  the  vano 
will  occupy  no  definite  position  unless 
there  is  some  stray  magnetic  field  getting 
into  the  meter.  To  prevent  the  entrance 
of  such  stray  fields,  the  working  part  of 
the  meter  is  surrounded  with  a  laminated 
iron  ring  which  acts  as  an  effective  shield 
against  all  outside  magnetic  fields.  An 
aluminum  disc  carried  on  the  shaft  rotates 
in  the  field  of  a  strong  permanent  magnet 
to  damp  the  oscillatory  movement  of  tin 
pointer.  To  give  accurate  readings,  there 
should  be  at  lea.st  2  amperes  in  the  cur- 
rent coil  of  the  meter,  this  coil  being 
normally  built  for  a  full-load  capacity  of 
5  amperes. 

For    three-phase    circuits,    it    is    not 
necessary    to      use      the      "split'-phase" 

scheme  of  Fig.  199;  instead  of  two  coils  at  right  angles,  three  coils  at 
120**  are  used,  and  these  coils  are  connected  to  the  three  wires  of  the 
three-pha««  system,  the  coils  being  connected  in  Y.  This  scheme  is  shown 
m  Fig.  201 ;  the  current  coil  and  iron  vane  are  disposed  exactly  as  they  are 


thrt-e-pliaae 
it    is    not 


Potential 

...  201.  —  In  the 
|)ower-faftcMr  meter 
nece&sary  to  uise  the  split-phase 
scheme  of  Fig.  199;  three  coils, 
1*20' apart,  are  connected  (through 
suitable  resistances)  to  the  three 
wires  of  the  power  supply  line. 


„  I  J. — Power-factor  meter  with  cover  removed;  the  nearly  circular  magnet  and 
aluminum  ring  (supported  on  five  spokes)  are  for  damping  the  motion  of  the 
moving  iron  vane. 


for  the  singlopha.se  power-factor  meter.    The  single-phase  power-factor 
meter  is  subject  to  a  consid'Hilx'  .riMr  if  oflx.r  than  rated  frequency  is 
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used,  but  the  three-phase  meter  is  independent  of  frequency.  In  Fig.  202 
is  shown  the  general  appearance  of  one  of  these  power-factor  meters;  on 
the  top  can  be  seen  the  nearly  circular  magnet  used  for  damping  purposes, 
and  directly  under  it  can  be  seen  the  aluminum  disc  (having  five  spokes) 
which  moves  in  a  field  of  the  permanent  magnet  to  give  the  damping. 
Surrounding  the  working  part  of  the  meter  can  be  seen  the  laminated  iron 
ring  which  serves  to  shield  the  meter  against  stray  fields. 

The  total  power  used  in  a  power-factor  meter  is  about  15  volt-amperes  at 
full  load;  the  coils  to  produce  the  rotating  field  use  about  10  volt-amperes 
at  rated  voltage. 

128.  Synchronoscope. — This  instrument  (generally  called  a  synchro- 
scope), as  its  name  suggests,  is  used  to  show  whether  or  not  two  alter- 
nating voltages  are  maintaining  the  same  relative  phase,  that  is,  whether 
or  not  they  are  in  synchronism.  In  the  manipulation  of  alternating- 
current  generators,  it  becomes  necessary  to  know  whether  or  not  the  two 
machines  are  generating  voltages  of  the  same  frequency  and  phase,  and 
the  synchroscope  is  the  instrument  commonly  used  to  give  this  indication. 
To  show  the  relative  phase  of  two  voltages  is  practically  the  same  problem 
as  to  show  the  phase  between  a  current  and  a  voltage.     Hence,  the  idea 

of   the    power-factor    meter    should 

work  for  a  synchroscope,  and  in  fact, 

it  does  so.  If  the  current  coil  of  the 
power-factor  meter  is  rewound  so 
that  it  has  many  turns  of  fine  wire, 
and  sufficient  resistance  is  put  in 
series  with  it  to  properly  limit  its 
Fig.  203.— In  connecting  an  alternator  to  current,  the  power-factor  meter  bc- 
a  set  of  bus-bars  already  alive,  the  rela-  comes  a  synchroscope.  The  instru- 
tive  phase  of  the  bus  voltage  and  that  ^^^^^  jg  generally  used  as  indicated  in 
of  the  incoming  machine  must  be  pj  203 ;  alternator  A  is  already  run- 
known.     A  synchroscope  must  be  con-       ,^  '  v      i        i 

nected  across  the  open  switch  of  ma-   ^mg  and  connected  to  the  bus-bars, 
chine  B.  As  the  load  on  the  station  increases, 

it  becomes  necessary  to  connect  in 
another  alternator,  but  the  switch  of  this  incoming  machine  may  not  be 
closed  until  it  is  ascertained  that  its  voltage  is  equal  and  opposite  to  that  of 
the  bus-bars,  and  that  its  frequency  is  practically  the  same  as  that  of  the 
machine  already  operating.  When  coil  C  of  Fig.  199  (after  it  has  been 
rewound  for  high  resistance)  has  been  connected  to  machine  B,  and  coils 
A  and  B  to  the  corresponding  terminals  of  the  bus-bars,  the  power-factor 
meter,  now  being  used  as  a  synchroscope,  would  indicate  the  relative 
phase  of  the  two  voltages.  As  the  two  machines,  A  and  B,  will  never 
be  running  at  exactly  the  same  speed,  their  relative  phase  will  slowly 
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change  and  the  fing^  of  the  synchroscope  will  correspondingly  slowly 
rotato.  A  mark  on  the  dial  of  the  instrument  shows  when  the  two 
voltages  tiro  just  opfxwiU'  in  phase,  and  this  shows  the  time  when  the  switch 
of  macliine  B  may  be  properly  closed. 

The  synchroscope  may  have  the  construction  of  the  single-phase  power- 
factor  meter  or  of  the  three-phase  one;  in  the  latter  case,  the  three-coil 
combination  is  sometimes  put  on  the  rotating  part,  thus  resembling  a  small 
3-coil  annature  for  an  alternator. 

If  the  incoming  machine  is  running  too  fast  the  pointer  of  the  syn- 
chroscope turns  in  one  direction,  and  if  too  slowly  it  turns  in  the  other.  In 
case  the  machines  are  running  at  the  same  electrical  speed,  the  pointer 
of  the  sjTichroscope  remains  stationary',  showing  by  its  position  the  rela- 
tive phase  of  the  two  voltages. 

In  another  type  of  synchroscope,  the  indicating  finger  oscillates  back 
and  forth  over  a  scale  instead  of  having  the  rotating  motion  of  the  type 
just  described.  In  the  oscillator}'  type  of 
in.strument,  the  difference  in  frequency  is 
shown  by  the  rapidity  with  which  the  finger 
moves  over  the  scale,  and  the  condition  of 
exact  phase  opposition  (when  the  switch  may 
Ix?  closed)  is  marked  on  the  scale  just  as  it  is 
for  the  rotating  synchroscope. 

These  two   types    of    synchroscope   are 
shown  in  Figs.  28:3  and  284. 

129.  The  Oscillograph. — There  are  many 
problems  in  alternating-current  engineering 
the  answers  to  which  can  only  Ixi  given  when 
we  have  an  exact  picture  of  the  voltages  anil 
currents  existing  during  the  occurrence  of  the 
phenomenon  in  which  we  are  interested. 
What  happens  when  a  generator  short-circuit 
occurs,  when  an  arcing  ground  occurs  on  a 
transmission  line,  when  a  transformer  is  first 
connected  to  the  line,  when  bad  interference 
is  caused  to  neighboring  telephone  lines,  when 
a  synchronous  machine  hunts?  These  ques- 
tions, and  innumerable  ethers,  can  only  l)e 
answered  when  we  have  a  photographic  record 
of  the  various  voltages  and  currents  in  their 
proper  relative  phases  and  magnitudes.  The 
oscillograph  is  the  instrument  that  gives  us  these  records.  Whereas  a  few 
years  ago  the  oscillograph  found  application  tmly   in   lalwratories,  at 


Fig.  204. — A  simple  diagram  of 
the  essential  parts  of  the  os- 
oilloKraph,  vibrator.  The 
vibrating  portion  of  the  bi- 
filar  .lystem,  Viet  ween  bridges 
M-.y,  has  very  little  moment 
of  inertia;  its  natural  fre- 
quency is  about  5000  vibra- 
tions per  second. 
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present  every  large  electric  company  has  at  least  one,  generally  arranged 
on  a  truck  for  transportation,  thus  making  it  easy  and  simple  to  carry  out 
oscillograph  tests  on  any  part  of  a  distribution  system.  Essentially  the 
oscillograph  is  a  bifilar  suspension  of  fine  silver  ribbon,  cemented  to  which 
is  a  very  small,  light  mirror  about  as  shown  in  sketch  of  Fig.  204.  The 
silver  ribbon  B-C  passes  over  the  pulley  Z),  which  is  held  down  by  a 
spring,  thus  serving  to  keep  the  ribbon  stretched  tight.     Two  slotted 

ivory  bridges  M-M'  serve  to  hold  the 
wires  suitably  spaced,  and  between 
them  is  cemented  the  mirror  A.  This 
mirror  is  0.02  inch  wide  and  0.06  inch 
high.  Under  a  normal  tension  of 
about  8  ounces  the  natural  frequency 
of  the  oscillatory  system  is  several 
thousand  cycles  per  second,  thus  per- 
mitting an  accurate  reproduction  of 
wave  forms  having  a  frequency  as 
high  as  about  1000  cycles  per  second. 
A  photograph  of  an  actual  vibrator 
from  the  oscillograph  is  shown  in  Fig. 
205. 

The  poles  of  a  powerful  electro- 
magnet reach  close  to  the  suspension 
on  either  side,  so  that  a  strong  mag- 
netic field  surrounds  the  silver  ribbons, 
the  field  being  parallel  to  the  plane  of 
the  mirror.  Current,  passing  down 
one  wire  and  up  the  other,  will  twist 
this  suspension  and  with  it  the 
mirror.  A  beam  of  light  reflected 
from  the  mirror  is  thus  made  to 
vibrate,  and  if  the  reflected  beam  is 
allowed  to  fall  on  a  moving  sensitive 
film,  an  accurate  record  of  the  wave  form  through  the  suspension  is 
obtained. 

The  maximum  deflection  of  the  mirror  is  only  about  3°  on  either  side 
of  its  zero  position,  yet  the  most  minute  ripples  on  current  and  e.m.f. 
waves  are  shown  on  its  records,  called  oscillograms.  The  maximum 
current  capacity  of  the  suspension  (which  operates  in  oil  to  damp  out 
natural  oscillations)  is  1/10  ampere,  and  as  the  resistance  of  the  vibrator 
is  1  ohm  it  requires  0.01  watt  to  operate  the  vibrator  to  full  scale.  However, 
gold  leaf  fuses  are  generally  put  in  series  with  the  vi})rator  to  give  eome 
protection  against  burn-out,  and  as  the  resistance  of  one  of  these  fuses  is 
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Fig.  20a. — I'liotognipli  of 
of    an    os(!illograj)h.     'I'h 
part  of  the  bifilar  system   is   tliat  be- 
tween the  two  ivory  bridges. 
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9  ohms,  the  resistance  of  a  vibrator  as  installed  is  alx)ut  10  ohms  and 
it  therefore  requirPs  1  volt  to  give  full-scale  deflection. 

By  decrea.sing  the  tension  on  the  vibrator  its  sensitiveness  can  be 
increasetl,  but  it  Is  not  then  useful  at  so  high  a  frequency  lx»cau8e  its  natural 
frequency  has  been  lowere<l.  If  can^  is  used  to  keep  the  optical  system  clean 
and  good  mirrors  are  use<l,  it  is  possible  to  get  good  photographic  records 
at  such  a  film  speeil  that  the  iK'am  of  light  travels  alx)ut  50  feet  per  second. 

A  view  of  a  three-element  oscillograph,  properly  moimted  on  a  table 
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III.    2<XJ. — A  three-element   <»-<  ill.Ji^raph  portably   mounted,   with  all  the  requisite 
accf».  .no  lor  convenient  operation. 


with  all  necessary'  rheostats,  motors,  speed-reduction  pulleys,  arc  lamp, 
etc.,  is  shown  in  Fig.  206. 

130.  Recording  Meters. — Meters  intended  to  keep  a  record  of  instan- 
taneous values  are  called  recording  meters;  recording  ammeters,  volt- 
meters, and  wattmeters  are  much  used  in  central  stations.  The  moving 
element  of  a  recording  meter  carries  a  pen  which  draws  a  curve  on  a 
moving  sheet  of  paper,  the  paper  being  moved  past  the  pen  at  an  adjust- 
able speed  bj'  suitable  clock  work.  In  the  type  of  recording  meter  shown 
in  Fig.  207,  the  moving  element  is  a  kind  of  magnetic  balance  which  carries 
the  gla.ss-tube  pen  back  and  forth  over  the  paper  strip,  as  the  current 
through  the  meter,  or  voltage  impressed  on  the  meter,  varies. 


206 


ALTERNATING-CURRENT   METERS 


[Chap.  V 


The  records  from  such  meters  are  evidently  valuable  in  showingj^  the 
station  manager  how  the  load  on  his  station  varies,  when  peak  load  occurs 
and  for  how  long,  etc.  The  records  of  a  recording  voltmeter  show  how 
faithfully  the  voltage  of  the  station  is  maintained  at  its  rated  value,  and 

in  case  of  litigation,  involv- 
ing the  operation  of  the 
station,  they  are  the  best 
kind  of  evidence  as  to  the 
facts  in  the  case. 

131.  The  Watt-hour 
Meter. — To  record  the  total 
energy  output  of  a  station, 
and  to  measure  the  energy 
the  customer  uses,  the  watt- 
hour  meter  is  always  used. 
It  always  consists  of  a  small 
motor  so  designed  that  its 
speed  is  proportional  to  the 
power  supplied  through  the 
meter;  its  total  revolutions, 
therefore,  show  the  integra- 
tion of  (power  X  time) 
which  is  energy.  Evidently 
such  a  meter  is  really  an 
electric  energy  meter. 


Fig.  207. — A  recording  meter  in  which  the  moving 
element  is  very  similar  to  a  Kelvin  balance. 


The  Thomson  watt-hour  meter,  described  in  Chapter  VI  of  Vol.  I,  will 
run  on  alternating-current  circuits,  but  as  the  induction  type  of  watt- 
hour  meter  is  applicable  to  alternating-current  service,  and  as  this  type 
is  superior  in  maintenance  and  accuracy  to  the  Thomson  type,  it  is  uni- 
versally employed.  Two-and  three-phase  watt-hour  meters  are  frequently 
used  on  station  switch-boards,  but  practically  all  customers'  meters  are 
single-phase. 

There  is  no  piece  of  apparatus  in  the  electrical  system  of  more 
importance  to  the  station  manager  than  this  little  induction-motor  meter; 
it  is  from  the  records  of  such  meters  that  the  whole  income  of  the  station 
is  obtained.  By  comparing  the  monthly  total  of  the  readings  of  customers' 
meters  with  the  indication  of  the  station's  output  meter,  the  manager  gets 
accurate  knowledge  of  the  efficiency  of  his  distribution  network;  it  shows 
what  percentage  of  the  energy  output  of  the  station  is  sold,  and  how  much 
is  wasted  in  transformers,  auxiliary  apparatus,  leakage,  etc. 

The  operation  of  the  induction  type  of  meter  may  be  understood  by 
the  help  of  the  diagrams  in  Figs.  208  and  209.  In  Fig.  208a  is  shown  the 
approximate  arrangement  of  the  magnetic  circuit  and  connection  of  the 
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coib  \ja  this  meter,  and  in  Fig.  2()S/>  is  shown  a  plan  of  the  disc  and  poles. 
P  is  the  potential  pole  of  the  meter,  /  and  /'  are  the  current  poles  of  the 
meter,  E  is  the  aluminum  disc  in  which  eddy  currents  are  induced,  S  is  the 
shaft  and  M-M'  are  the  permanent  horseshoe  magnets  which  serve  to 
control  the  speed  of  the  tlisc. 

The  meter  develops  a  torque  because  of  the  interaction  of  the  eddy 
currents  set  up  in  its  di.«ic  and  the  magnetic  field  of  the  potential  and 
current  poles.  In  order  that  the  meter  may  indicate  properly,  it  is  neces- 
sary that  the  flux  in  the  potential  pole  should  lag  exactly  90*  behind  the 
voltage  of  the  line,  and  that  the  flux  of  the  current  poles  should  be  in 
phase  with  the  current  in  the  line.    Evidently  this  latter  condition  is  at 


Fia.  208. — The  essential   parts   of   a   watt-hour   meter   movement,   employing   the 

induction^notor  principle. 


once  fulfilled  if  the  poles  are  suitably  laminated  and  the  coils  DD'  are 
connected  in  series  with  the  line.  The  current  in  coil  A  will  not  lag  90" 
l)ehind  the  line  e.m.f.,  however,  becau.se  of  the  losses  occurring  in  coil  A. 
To  make  the  flux  in  the  pole  P  lag  just  90**  behind  the  line  voltage,  a 
second  coil,  B,  is  wound  on  this  pole  and  is  short-circuited  through  a 
suitable  resistance,  R.  TIMien  pole  P  is  magnetized  by  coil  A,  a  current 
will  be  set  up  in  coil  B,  and  if  this  is  properly  proportioned  and  C  has  the 
right  resistance,  the  vector  sum  of  the  m.m.fs.  of  coils  A  and  B  will  produce 
a  flux  which  is  just  90"  behind  the  line  voltage  impressed  on  coil  A.  Coil 
B  is  gonorally  called  the  "lag  coil"  of  the  meter. 

The  interaction  of  the  eddy  currents  in  the  disc  and  the  magnetic 
poles  is  shown  in  the  four  diagrams  of  Fig.  209;  only  that  portion  of 
the  disc  in  which  eddy  currents  are  set  up  is  shown.     It  is  supposed  that 
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a  non-inductive  load  is  being  supplied  through  the  met«r,  so  that  thp  line 
current  and  the  line  voltage  have  the  same  phase. 

In  diagram  a  the  conditions  are  shown  for  the  instant  when  the  volt- 
age and  current  of  the  line  are  zero.  When  the  voltage  is  zero  the  flux 
in  P  is  a  maximum  (flux  lags  90°  behind  voltage)  and  the  flux  in  I-I'  is 
changing  at  a  maximum  rate.     The  eddy  currents  set  up  around  their 

poles  will  then  be  a  maximum,  and  as 
they  are  wound  in  opposite  directions 
the  eddy  currents  will  be  distributed 
as  shown.  (In  checking  the  direction 
of  currents  and  magnetic  poles  it  is 
to  be  remembered  that,  in  the  figures, 
poles  /  and  /'  are  below  the  disc  and 
pole  P  is  above  the  disc.)  The  torque 
generated  by  the  eddy  currents  sur- 
rounding the  current  poles  is,  as  shown 
by  the  arrow,  from  left  to  right. 

A  quarter  of  a  cycle  later,  the  con- 
ditions are  as  shown  in  Fig.  2096;  the 
flux  through  P  will  be  zero,  but  as  it 
is  changing  at  a  maximum  rate  the 
eddy  currents  flowing  in  the  disc,  due 
to  its  field,  will  be  a  maximum  and 
distributed     as     shown.      The     flux 
through  the   current  poles  is  now   a 
maximum  with  polarity  as  shown,  and 
the  torque  due    to   the  current   over 
both  poles  I  and  /'  is  again  from  left 
to  right.     Another  quarter  of  a  cycle 
later,  conditions  are  as  shown  in  Fig. 
Fig.  209. — At  successive  quarter-cycle    209c,  torque   again  being  from  left  to 
intervals  the  eddy  currents  in  the    j.jght^   as  both  current    and    polarity 
disc  and  polarity  of  the  magnets,  are    ^^^^  reversed  from   the  values  they 
as  shown  here.  i      i  .       i      ,-     ,    i-  x-.     •        ^i 

had  in  the  first  diagram.     During  the 

last  quarter  of  the  cycle,  the  conditions  are  as  shown  in  Fig.  209d,  torque 
again  being  from  left  to  right. 

If  we  consider  a  load  of  power  factor  less  than  unity,  the  average 
torque  will  still  be  in  the  same  direction  as  that  developed  by  resistive 
load  (Fig.  209)  but  the  average  value  of  the  torque  will  grow  less  and 
less  with  decreasing  power  factor.  For  the  limiting  condition  (cos  0  of 
load  =  0),  the  average  torque  will  be  zero,  as  may  be  found  by  constructing 
a  series  of  diagrams  similar  to  those  given  in  Fig.  209.  Accurate  analysis 
shows  that  the  torque  developed  in  the  induction  type  of  meter  is  directly 
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proportional  to  the  powor  factor  of  tho  loarl,  at  least  for  those  power  factors 
<»iuK>unt^rc(l  in  practice. 

To  overcome  the  static  friction  in  the  watt-hour  meter  a  small  disc  of 
copper  is  arranged  to  slide  over  part  of  the  face  of  the  potential  pole;  it 
acts  exactly  like  the  shading  coil  of  the  frequency  meter  (Section  126). 
By  shifting  the  shading  plate,  as  it  is  called,  the  static  friction  of  the 
meter  is  just  neutralized.  The  speed  of  the  motor  is  adjusted  by  shifting 
the  magnets  M-M',  Fig.  208,  toward  or  away  from  the  center  of  the  disc, 
away  from  the  center  to  slow  the  disc  down,  and  vice  versa. 

The  average  induction  meter  develops  a  somewhat  greater  ratio  of 
torque  to  weight  of  the  rotating  element  than  does  the  Thomson  com- 
mutator meter,  and  it  is,  therefore,  more  permanent  in  its  adjustment." 
The  induction  meter  has  a  torque  of  about  0.3  gram-centimeter  per  gram 
weight  of  the  moving  element.  On  the  average,  the  potential  circuit  of 
the  induction  meter  uses  about  2  watts  (at  110  volts),  and  in  the  current 
circuit  the  meter  uses  somewhat  less  than  1  watt  when  carrying  rated 
current. 


CHAPTER  VI 
THE  ALTERNATING-CURRENT  GENERATOR 

132.  General  Construction. — The  alternating-current  generator,  or 
alternator,  as  it  is  frequently  called,  does  not  differ  in  principle  from  the 
continuous-current  generator;  it  consists  of  a  field  structure,  magnetized 
by  electromagnets,  and  an  armature,  in  the  winding  of  which  the  electro- 
motive force  is  generated. 

In  three  respects,  however,  the  alternator  generally  differs  from  the 
continuous-current  generator:  it  has  no  commutator;  it  is  practically 
never  self-exciting,  and  the  field  structure  rotates,  whereas,  in  continuous- 
current  machines,  the  armature  rotates.  Small  alternators  sometimes 
have  a  stationary  field  and  a  rotating  armature,  but  all  large  alternators 
are  of  the  revolving-field  type.  The  armature  and  the  field  of  a  revolving- 
field  type  alternator  are  frequently  called  the  stator  and  the  rotor, 
respectively. 

133.  Slip  Rings  instead  of  Commutator. — In  case  the  armature  rotates, 
the  ends  of  its  winding  are  connected  to  slip  rings  instead  of  to  a  com- 
mutator; the  number  of  rings  used  depends  upon  the  type  of  armature 
winding,  but  generally  there  are  either  two,  three,  or  four,  depending 
upon  whether  the  winding  is  to  generate  single-phase,  three-phase,  or 
two-phase  power.  Brushes  (generally  made  of  blocks  of  some  special 
metal — mixtures  principally  of  graphite  and  copper)  bear  on  these  rings 
and  serve  to  carry  the  current  to  the  external  circuit.  For  machines  in 
which  the  field  revolves,  the  continuous  current  for  its  excitation  is  led 
into  the  field  winding  by  means  of  two  suitable  slip  rings  and  brushes. 

134.  Alternator  not  Self-exciting. — The  current  for  the  field  winding 
must  be  continuous,  and  as  the  armature  of  the  alternator  furnishes  only 
alternating  current  it  is  evident  that  some  additional  source  of  power 
must  be  available  for  obtaining  the  field  excitation. 

135.  Reasons  for  a  Stationary  Armature. — As  the  armature  of  an 
alternator  is  not  equipped  with  a  commutator,  it  is  not  at  all  necessary 
to  have  the  armature  rotate  and,  as  a  matter  of  fact  it  is  nearly  always 
stationary. 

There  are  several  reasons  why  the  field  of  an  alternator  generally 
rotates  instead  of  the  armature.  The  armature  winding  ordinarily  gen- 
erates quite  a  high  voltage,  perhaps  2300  volts  or  even  13,000  volts. 
Such   voltages   recjuire   that   the   armature   winding   be   very    carefully 
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insulated,  and  it  is  much  ^asior  to  insulate  a  stationary  winding  than  it 
is  to  insulate  one  designed  to  run  at  a  high  speed.  In  the  latter  case  the 
winding  has  to  be  designed  to  stand  properly  the  mechanical  stresses  due 
to  centrifugal  forces  and,  as  a  result,  the  insulation  is  likely  to  be  inferior. 
As  a  stationary  armature  requires  no  slip  rings,  the  leads  from  the 
armature  can  be  continuously  insulated  from  the  armature  winding  to 
the  switchboard,  leaving  no  bare  conductor  with,  the  consequent  danger 
of  fatal  shock.  With  a  rotating  armature,  the  slip  rings  required  to  carr>' 
the  current  from  the  armature  to  the  external  circuit  are  exposed.     If 


Fio.  210. — A  small  revolving-armature  alternator;    this  type  is  practically  never 

built  to-day. 

the  armature  generates  a  high  voltage,  these  rings  are  difficult  to  insulate 
and  become  a  source  of  trouble  due  to  short-circuits,  etc.  As  the  voltage 
applied  to  the  field  of  an  alternator  seldom  exceeds  250  volts,  the  slip 
rings  required  to  carrj'  the  current  to  the  field  wmding,  as  well  a.«  the 
entire  field  structure,  are  easy  to  insulate. 

136.  Field  Structure. — The  field  structure  of  small  alternators,  havmg 
rotating  armatures,  does  not  differ  materially  from  that  of  continuous- 
current  generators,  as  may  be  seen  from  Fig.  210. 

The  rotating  field  of  a  slow-speed,  engine-driven  alternator  is  shown 
in  Fig.  211.     It  consists  of  a  number  of  laminated  poles,  keyed  or  bolted 
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to  a  steel  spider,  which  in  turn  is  keyed  to  the  shaft.  A  typical  pole  is 
shown  in  Fig.  212;  the  two  projecting  lugs  serve  to  hold  the  field  spools 
in  place.  The  winding  for  such  a  pole  piece  is  shown  in  Fig.  213;  it  will 
be  seen  to  be  of  copper  strap,  wound  edgewise,  the  turns  being  separated 
by  paper  sHpped  between  them. 

137.  Special  Field  Structure  for  Turbo-alternators. — The  steam 
turbine  is  used  very  often  as  the  driver  for  alternators,  and  a  turbine  must 
necessarily  run  at  high  s'peed  to  use  the  steam  economically. 

With  the  high  speeds  used  for  turbo-alternators,  it  would  be  difiicult 


Fig.  211. — The  field  structure  of  a  revolving-field,  slow-speed  alternator,  for  recipro- 
cating-engine drive. 


to  build  a  rotating  field,  with  projecting  poles,  sufficiently  strong  to  with- 
stand the  centrifugal  forces.  Moreover,  projecting  poles  would  cause 
excessive  windage  losses,  and  would  make  the  operation  of  the  alternator 
extremely  noisy. 

The  field  structure  of  a  turbo-alternator  is  cylindrical  in  form,  and  is 
either  a  solid  steel  forging,  or  is  built  up  of  thick  discs;  slots  are  then  cut 
in  the  periphery  to  accommodate  the  field  winding.  A  view  of  the  rotor 
of  a  turbo-alternator  in  process  of  being  wound  with  copper-strap  field 
coils  is  given  in  Fig.  214.  The  shaft  does  not  generally  pass  through 
the  core,  but  is  in  two  pieces,  fastened  to  end  plates,  which  are  in  turn 


ARMATURE  CX)RE 


213 


Fig.  212.— The  poles  of  alternators  are  generally 
laminated  and  properly  formed  to  key  firmly 
into  tho  spider  on  which  they  are  carried. 


bolted  to  the  core.  To  allow  the  shaft  to  pass  through  the  core,  there 
would  have  to  be  a  large  hole  through  the  core,  seriously  lessening  its 
mechanical  strength.  (Because  of  the  high  rotational  speeds  used  in 
these  large  field  structures,  the 
centrifugal  forces  developed 
are  ven»'  high.)  A  completed 
rotating  field  for  a  turbo-alter- 
nator is  shown  in  Fig.  215;  the 
metal  covers  at  the  ends  of 
the  core  are  to  protect  the  ends 
of  the  field  coils  and  hold  them 
in  place. 

138.  Air  Gap.— The  length 
of  the  air  gap  in  alternators 
and  sjrnchronous  motors  is 
fixed  by  the  armature  reaction, 
as  in  the  case  of  continuous- 
current   machines.      In  order 

that  the  effect  of  armature  reaction  iiia\  not  Ik?  exaggerated,  the  air  gap 
must  be  made  considerably  longer  than  is  necessary  for  mechanical  clear- 
ance;   in   turbo-alternators  the  air-gap  length  may  be  an  inch  or  more. 

As  the  revolving  field  of 
a  turbo-alternator  is  a 
perfectly  smooth  structure, 
the  air  gap  is  of  uniform 
length.  In  water-wheel- 
driven  and  other  slow-speed 
alternators  the  pole  pieces 
are  chamfered,  metal  being 
removed  from  the  pole  tipw 
to  improve  the  wave-form. 
The  air  gap  is  then  longer 
under  the  pole  tips  than 
under  the  middle  of  a  pole. 
139.  Armattire  Core. — 
The  armature  cores  of  alter- 
nators and  synchronous 
motors  are  built  up  of 
laminations,  as  are  those 
of  continuous-current  ma- 
chines, in  order  to  reduce  the  losses  due  to  eddy  currents. 

In  Fig.  216  are  sho\Mi  sections  of  armature  laminations,  that  in  (a) 
Ihmhk  for  a  rotating  armature,  and  that  in  (6)  for  a  stationary  armature. 


Via.  213. — Generally  the  field  poles  are  wound  with 
copper  strap;  this  makes  for  ver>'  efficient  cooling, 
as  each  turn  is  directly  in  contact  with  the  air. 
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It  will  be  seen  in  (a)  that  as  the  slot  becomes  deeper,  the  width  of  a  tooth 
becomes  narrower;  with  a  stationary  armature  the  teeth  become  wider 
as  the  slot  is  deepened.  This  is  an  additional  advantage  in  favor  of 
stationary  armatures,  it  being  possible  to  put  more  copper  on  a  stationary 
armature,  by  widening  and  deepening  the  slots,  than  on  a  rotating  one. 


Fia.  214. — The  rotor  of  a  turbo-alternator  being  fitted  with  its  strap-wound  field  coils. 
This  is  a  four-pole  rotor  having  a  distributed  winding  of  four  coils  per  pole. 


The  armature  of  a  slow-speed  revolving-field  type  alternator  is  shown  in 
Fig.  217;  its  field  was  shown  in  Fig.  211. 

The  form  of  armature  laminations  for  a  turbo-alternator  may  be  seen 
in  Fig.  218,  which  shows  the  armature  core  assembled. 

140.  Ventilation. — Small  alternators  with  revolving  armatures,  and 
also  slow-speed  alternators  with  revolving  fields,  are  ventilated  in  the 
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same  manner  as  continuous-current  machines.  With  revolving  armatures 
the  air  is  drawn,  by  a  fan,  into  the  interior  of  the  core,  and  is  thrown  out 
through  air  duct«  in  the  core,  the  air  ducts  being  formed  by  spacers  intro- 


Fiu.  21"  iipleteil  field  structure,   wound   for  a    turl-K>-alternat4>r.      The  field 

win  .  ('oiiu)l<'tely  inil»edded  in  slots,  and  there  are  no  salient  poles. 

duced  l3etweon  laminations  cverj'  two  or  three  inches  of  core.  In  station- 
arj'  armatures  the  same  procedure  is  followed,  the  air  lx>ing  forced  by  the 
rotor  (assisted  at  times  by  fans  attached  to  the  rotor)  through  the  air 
ducts  in  the  stator  and  out  through  openings  in  the  frame. 


Fia.  216. — In  case  the  armature  revolves,  the  laminations  are  as  shown  in  (a), 
whereas  for  machines  in  which  the  armature  is  stationary  (the  general  case), 
the  laminations  are  formed  as  indicated  in  (b). 

Conditions  are  very  diflferent  in  the  case  of  high-speed  turbo-alter- 
nators, the  output  per  unit  volume  of  which  Is  high,  and  in  which  the 
quantity  of  heat  to  l>e  dissipated  per  unit  area  of  cooling  surface  is  large. 
Forced  ventilation  is  therefore  necessary  with  such  machines,  and  there 
mast  be  provided:   (1)  Sufficient  air  to  carry  off  the  heat  generated  with 
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reasonable  rise  of  temperature  of  both  machine  and  air;  (2)  Ample  duct 
capacity  to  prevent  too  high  velocity  of  the  air,  so  that  the  windage  losses 
are  not  too  high;  (3)  Proper  spacing  of  the  ducts,  so  that  no  part  of  the 
core  is  very  far  from  a  duct;  (4)  Precautions  to  prevent  the  air  from  car- 
rying dirt  and  moisture  into  the  machine. 

There  are  two  methods  of  ventilation  used  with  turbo-alternators,  the 
"radial"  and  the  "axial."     In  the  radial  method,  air  enters  the  air  gap 


Fia.  217. — Completed    armature    for    a    slow-speed    revolving-field    alternator, 
field  structure  was  shown  in  Fig.  211. 


Its 


at  both  ends  of  the  machine  and  passes  out  radially  through  air  ducts 
between  laminations  of  the  armature,  as  indicated  in  Fig.  219.  In  the 
axial  method  the  core  contains  many  ducts  or  holes  parallel  to  the  shaft. 
Air  may  enter  from  one  end  of  the  core,  and  after  passing  through  the 
ducts,  leave  at  the  other  end;  or,  the  air  may  enter  at  both  ends  of  the 
core  and  pass  out  through  large  radial  ducts  between  laminations  at  the 
middle  of  the  core,  as  is  indicated  in  Fig.  220.  With  axial  ventilation 
there  is  also  a  flow  of  air  along  the  air  gap,  the  air  passing  out  through 
the  large  radial  ducts  at  the  middle  of  the  core.     Generally  both  radial 
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and  axial  ventilation  arc  employed  and  the  air  is  introduced  at  a  definite 
entrance  and  expelled  at  a  definite  exit. 

The  rotor  is  cooled  by  drawing  in  air  through  holes  at  the  ends  of  the 
core,  and  discharging  it  into  the 
air  gap  through  radial  ducts,  the 
air    then    passing   through    the 
armature. 

141.  Typical  Forms  of  Alter- 
nators.— The  actual  slui|)e  and 
apix'arance  of  an  alternator  de- 
peiuis  largely  upon  what  tj'pe 
of  driver  it  is  to  be  equipped 
with.  In  the  turlxvaltcrnator 
nothing  apparently  electrical  can 
be  seen;  the  machine  is  com- 
pletely enclosed  and  its  casing 
much  resembles  that  of  the  tur- 
bine to  which  it  is  attached. 
Such  a  machine  is  shown  in  Fig. 
221. 

For  reciprocating  drive,  the  field  structure  must  have  many  poles  to 
permit  the  generation  of  commercial  frequencies;  the  poles  and  armature 
windings  are  generally  visible  and  the  whole  machine  is  of  large  diameter 
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Fig. 


218. — Assembled    armature   core 
high-speed  turbo-alternator. 


Fia.  219.  FiQ.  220. 

Fig.  219. — In  the  radial  method  of  ventilation  the  air  enters  the  air  gaps  at  both 

ends  and  leaves  through  the  slots  in  the  laminated  armature  core. 
Fig.  220. — More  effective  ventilation  requires  that  axial  slots  be  used  as    well  as 

radial  slots.    The  axial  slots  are  made  by  holes  in  the  punchings  used  to  build 

up  the  laminated  armature  core. 

compared  to  the  turbo-alternator,  as  may  be  seen  by  comparing  Fig.  222, 
an  engine-driven  alternator,  with  that  given  in  Fig.  221. 

For  water-wheel  drive  the  generators  are  generally  built  with  a  vertical 
shaft;  the  earlier  machines  were  generaUy  slow  speed,  but  more  recently 
the  speed  of  water-wheel  driven  alternators  has  increased.  A  typical 
alternator  intended  for  water-turbine  drive  is  shown  in  Fig.  223. 
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142.  Frequency. — Alternators  have  been  designed  for  many  different 
frequencies,  but  the  standardization  of  electrical  apparatus  has  practically 
eliminated  all  but  two,  so  that  all  modern  machines  are  designed  for  either 


Fig.  2'21. — A  turbine-driven    alternator  is  generally  completely  enclosed,  to  accom- 
plish more  effective  ventilation. 


Fig.  222. — Assembled  alternator  to  be  driven  by  a  slow-speed  reciprocating  engine. 


60  cycles  or  25  cycles  per  second,  the  former  used  to  supply  lighting  loads, 
and  the  latter  used  for  power  loads.  In  a  few  installations  in  which  the 
lighting  and  power  loads  are  of  about  equal  magnitude,  frequencies  of 
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40  and  r>U  cycles  arc  used.  Earlier  machines  were  built  to  give  133  cycles 
per  second  and  there  has  been  much  talk  of  machines  for  15  cycles,  but  the 
first  two  named  alx)ve  are  the  only  standard  frequencies  iLsed  in  Ameri- 
can practice.     In  Europe  other  frequencies  are  much  used. 

The  frequency  of  the  c.m.f.  which  an  alternator  generates  depends 
upon  its  speed  and  upon  the  number  of  poles.  A  complete  cycle  is  gen- 
erated in  any  conductor  on  the  armature  when  a  pair  of  poles  has  moved 
past  it,  hence  to  find  the  frequency  of  an  alternator  it  is  only  necessary  to 
calcxdate  the  number  of  pairs  of  poles  passing  any  armature  conductor  in  one 


Fio.  223. — Modem  water-wheel  generators  with  vertical  shafts;  the  turbines  are  below 
the  station  proper  in  the  wheel-pit.  The  clirect-<'onnected,  continuous-current 
exciters  may  be  seen  at  the  upper  ends  of  the  shafts.  These  alternators  have  a 
rating  of  12,500  kv.a.,  11,500  volts.  180  r.p.m.,  the  wheels  being  designed  for  a 
head  of  130  feet. 


second,  i.e.,  frequency  =  r.p.s.X number  of  pairs  of  poles.  Take,  for 
example,  a  four-pole  machine  turning  1800  r.p.m.;  there  are  two  pairs  of 
poles,  so  that  every  time  the  field  makes  a  complete  revolution  there  are 
(WO  cycles  generated  in  any  armature  conductor.  Now  this  machine  is 
turning  30  r.p.s.  and  hence  the  frequency  is  equal  to  30X2  =  60  cycles  per 
second.  Suppose  a  ten-pole  machine  turns  300  r.p.m. ;  it  generates  5 
cycles  per  revolution  and  makes  5  r.p.s.;  therefore  it  generates  a  frequency 
of  5X5  =  25  cycles  per  second.  A  certain  turbo-alternator  has  two  poles 
and  turns  1500  r.p.m.;  it  therefore  generates  25  cycles  per  second. 

143.  Excitation. — Attempts   have   lx»en   made   to   build   self-exciting 
altrriKif  ors,  but  they  have  been  failures  as  evidenced  by  the  fact  that  there 
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are  practically  none  in  service,  except  an  occasional  machine  of  very- 
small  capacity. 

All  alternating-current  stations  have  two  or  more  small,  self -exciting, 
shunt-wound  (or  compound-wound),  continuous-current  machines  whose 
sole  purpose  is  to  furnish  the  field  current  for  the  alternators.  As  the 
amount  of  power  used  in  the  field  coils  of  an  alternator  is  generally  less 
than  5  per  cent  of  its  capacity,  the  exciters  may  be  comparatively  small 
machines.  An  alternator  having  a  capacity  of  1000  kw.,  for  example, 
would  require  an  exciter  of  about  25  kw.  capacity. 

144.  Arrangement  of  Exciters  in  a  Station. — Sometimes  each  alter- 
nator is  furnished  with  its  own  exciter  (either  belted  or  direct-connected, 
the  exciter  in  the  latter  case  often  built  into  the  core  of  the  alternator), 
but  in  large  stations  there  is  generally  a  set  of  exciter  bus-bars  on  the 
switchboard,  and  two  or  more  exciters  (each  equipped  with  its  own  driver) 
furnish  power  to  these  buses.  The  field  circuits  of  all  alternators  are 
connected  to  this  set  of  exciter  bus-bars.  The  exciters  are  sometimes 
driven  by  alternating-current  motors  and  at  other  times  by  small  steam 
turbines  or  engines.  In  all  stations  at  least  one  of  the  exciters  is  driven 
by  a  steam  turbine  or  engine,  or  by  a  separate  water  turbine,  to  insure 
excitation  for  the  alternators  if  the  entire  station  has  shut  down  because 
of  an  accident.  If  the  exciters  are  driven  by  motors  obtaining  their 
power  from  the  alternators,  their  motors  cannot  be  started  until  the 
alternators  are  excited. 

The  field  winding  of  an  alternator  is  generally  designed  for  125  or 
250  volts  and  these  voltages  are,  of  course,  independent  of  the  voltage 
generated  in  the  armature  winding,  which  may  be  several  thousand  volts. 

145.  Armature  Winding. — In  general,  the  armature  winding  of  an 
alternator  resembles  that  of  a  continuous-current  machine  but  is  much 
simpler;  it  has  comparatively  few  coils  and  all  of  them  are  generally  con- 
nected in  series.  It  was  seen  in  Vol.  I  that  the  winding  of  a  c.c.  armature 
might  be  rather  complex,  using  fractional  pitch  and  being  either  of  the  wave 
or  lap  type.  But  not  so  many  complexities  are  encountered  in  alternator 
armatures;  in  the  smaller  sizes  of  machines  there  are  generally  not  more 
than  six  coils  per  pair  of  poles  and  seldom  more  than  twelve,  and  the 
arrangement  and  connections  of  these  coils  are  very  simple.  In  the 
continuous-current  armature  it  is  necessary  to  use  many  coils  of  few 
turns  each  in  order  that  the  commutation  may  take  place  without  spark- 
ing, but  the  alternator  has  no  commutator  and  therefore  this  limitation 
on  its  winding  does  not  exist. 

Sometimes  all  the  coils  on  an  armature  are  connected  in  series  with 
one  another,  so  that  there  is  only  one  set  of  coils  on  the  armature  and 
only  two  ends  to  the  armature  winding;  this  is  said  to  be  a  single-phase 
winding  and  the  machine  is  called  a  single-phase  generator.     Sometimes 
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the  coils  of  the  armature  arc  divided  in  a  certain  way,  to  fomi  two  e<]ual 
inde{x>ndcnt  groups,  and  this  is  called  a  two-phase  winding.  More  often 
the  coils  are  divided  into  three  equal  groups  and  form  a  three-pha^e  winding. 
Probably  95  per  cent  of  the  alternators  in  use  to-day  are  three-phase 
machines. 

146.  Different  Types  of  Winding. — The  development  of  these  three 
styles  of  winiling  and  the  meaning 
of  the  names  will  now  be  taken 
up.  For  simplicity  we  shall  con- 
sider alternators  with  revolving 
annaturcs,  although  what  we  shall 
say  applies  equally  well  to  the 
armature  windings  of  alternators 
with  revolving  fields. 

Consider  an  elementary  gener- 
ator, having  only  one  coJ  and  two  sHp  rings,  as  shovsTi  in  Fig.  224. 
The  e.m.f.  wave  which  such  an  armature  would  \)c  supposed  to  generate 
is  also  shown  in  the  figure;  it  is  a  simple  sine  wave. 

Now  suppose  another  coil  is  wound  on  the  same  armature,  insulated 
from  the  first  coil  and  connected  to  two  more  slip  rings.  This  armature 
is  shown  in  Fig.  225;   the  four  rings  are  shown  one  outside  the  other. 


Fia.  224. — A  simple  rotating-armature  alter- 
nator havinf;  one  coil  only;  supi)osedly  it 
generates  a  sine  wave  of  voltage. 


Fig.  225. — A  two-coil  armature,  with  four  slip  rings,  furnishes  two  voltages  differing 
in  phase  by  an  amount  depending  upon  the  relative  placing  of  the  coils  on  the 
armature. 


whereas  really  they  would  l)e  all  of  the  same  size  and  placed  beside  each 
other  on  the  armature  shaft. 

The  e.m.f.  generated  by  coil  2-2'  will  evidently  be  of  the  same  shape 
and  magnitude  as  that  generated  by  coil  1-1',  but  its  maxinmm  value  will 
occur  90  electrical  degrees  later  in  time  than  the  maximum  value  of  that 
generated  in  coil  1-1'.  The  c.m.f.  waves  of  the  two  coils  are  shown  in 
Fig.  225,  that  of  coil  1-1'  Ijeing  given  by  the  full-line  curve  and  that  of 
coil  2-2'  by  the  dotted  curve. 

This  armature  would,  therefore,  feed  power  to  two  separate  circuits, 
one  connected  to  the  brushes  a-a'  and  the  other  to  the  brushes  b-b'. 
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The  e.m.fs.  on  these  two  circuits  would  be  equal  in  magnitude,  but  the 
phase  of  one  would  be  90°  behind  that  of  the  other.  The  generator  is 
said  to  be  a  two-phase  generator,  and  the  two  circuits  to  which  it  supplies 
two-phase  power  are  said  to  constitute  a  two-phase  system. 

Now  instead  of  placing  two  coils  on  the  armature,  90°  apart,  we  might 
place  on  it  three  coils  120°  apart,  as  shown  in  Fig.  226.  The  three  e.m.f. 
waves  generated  by  such  a  winding  would  all  be  of  the  same  magnitude 


Fig.  226. — An  armature  having  three  coils  suitably  placed,  gives  three  equal  voltages 
120°  apart;  it  is  a  three-phase  armature. 

but  would  differ  in  phase  from  each  other  by  120°;  this  winding  is  called 
a  three-phase  winding,  and  the  system  of  wires  to  which  such  an  armature 
supplies  power  is  called  a  three-phase  system. 

We  have  already  seen  (pp.  69-79)  that  the  six  ends  of  the  three 
phases  may  be  inter-connected  so  that  only  three  leads  need  be  brought 
out  from  the  winding,  and  therefore  only  three  slip  rings  are  required. 


(«) 


Fig.  227. — An  elementary   three-phase   armature,  connected  Y  in  (a)  and  A  in  (6). 


There  are  two  ways  of  making  this  inter-connection  of  the  coils;  some- 
times one  is  used  and  sometimes  the  other,  but  in  either  case  only  three 
rings  arc  used  on  the  armature  and  only  three  wires  arc  used  in  the  out- 
side circuit.  Figures  227  (a)  and  (6)  show  the  two  methods  of  connecting 
a  three-phase  armature.  In  (a)  all  of  the  beginnings  of  the  coils  are  con- 
nected together  and  the  ends  of  the  coils  are  connected  to  the  three  slip 
rings.     The  jimction  of  the  beginnings  of  the  coils  is  not  connected  to 
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any  ring.    An  armature  so  connected  is  said  to  be  Y-conneded  because  a 
schematic  diagram  of  the  winding  resembles  the  capital  letter  Y. 

The  otlior  method  of  connecting  the  coils  is  called  the  delta  connection, 
so  namo<l  because  its  schematic  diagram  resembles  the  Greek  letter  A. 
In  this  connection  the  end  of  coil  1  is  connected  to  the  beginning  of  coil  2, 
the  end  of  coil  2  connected  to  the  beginning  of  coil  3,  and  the  end  of  coil  3 
connected  to  the  beginning  of  coil  1.  Then  the  three  junction  points  are 
connected  to  the  three  slip  rings,  as  shown  in  diagram  (6),  Fig.  227.  The 
A-connection  is  not  used  as  frequently  as  the  Y-connection,  about  90  per 
cent  of  the  alternators  in  use  Iving  Y-conncctod. 

147.  Capacity  of  a  Three-phase  Armature  Winding. — We  have  seen 
that  the  three-phase  system  is  peculiar  in  that  the  voltage  measured  between 
any  pair  of  wires  is  the  same,  and  this  is  true  no  matter  whether  the 
generator  armature  is  A-  or  Y-connected.  Having  a  given  three-phase 
winding  on  an  armature,  the  output  capacity  will  be  just  the  same  whether 
the  A-  or  Y-connection  is  employed,  but  the  Y-connected  machine  will 
give  a  higher  voltage  between  lines  than  the  A-connected  machine.  The 
possible  current  output  of  the  latter  machine  is  greater  than  that  of  the 
Y-connected  machine  in  the  same  ratio  as  its  voltage  is  smaller,  so  that 
the  two  outputs  are  equal. 

If  the  safe  current  per  pha.se  is  /  and  the  voltage  generated  per  phase 
is  E,  then  the  voltage  between  the  terminals  of  the  Y-connected  armature 
is  ^v'3  and  the  safe  current  per  terminal  is  /;  if  A-connected,  the  voltage 
Ixjtween  terminals  is  E  and  the  safe  current  per  terminal  is  /\^.  In 
either  case  the  kv.a.  rating  of  the  machine  is  Ely/s.  The  factor  Vs 
appears  in  both  cases  because  of  the  subtraction  of  two  equal  vectors 
120*  apart.     These  relations  were  discus.sed  in  Section  39. 

148.  Open-circuit  and  Closed-circuit  Armature  Windings. — All  a.c. 
armature  windings  may  be  divided  into  two  general  groups: 

1.  Open-circuit  windings. 

2.  Closed-circuit  windings. 

An  open-circuit  winding  is  one  that  is  not  closed  upon  itself,  the  open 
ends  forming  the  terminals  of  the  winding.  A  closed-circuit  winding  is 
one  in  which  all  the  inductors  arc  placed  in  series,  forming  by  themselves 
a  closed  circuit. 

We  have  seen  that  all  c.c.  armature  windings  are  closed-circuit,  and 
that  in  such  windings  there  are  at  least  two  paths  in  parallel.  The  wind- 
ings for  alternators  may  be  either  open-  or  closed-circuit,  but  as  the 
open-circuit  type  of  winding  is  generally  more  suitable,  it  is  almost  uni- 
versally used. 

149.  Single-phase  Open-circuit  Winding. — In  Fig.  228a,  a  single- 
phase,  open-circuit  winding  is  shown,  a  ring  winding  having  been  chosen, 
and  the  slip  rings  omitt^Hl.  for  the  sake  of  simplicity  in  the  diagram.     It  wiU 
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be  seen  that  the  inductors  under  the  south  pole  generate  voltages  in  a 
direction  from  a  to  c,  while  those  under  the  north  pole  generate  voltages 
from  c  to  6.  The  connection  c  thus  places  the  two  halves  of  the  armature 
winding  in  series  in  such  a  way  that  their  respective  voltages  are  added 
together.  In  Fig.  2286,  the  same  armature  has  rotated  90°  further  ahead ; 
it  will  be  seen  that  the  group  of  inductors  between  a  and  c  lies  half  under 
the  north  pole  and  half  under  the  south  pole,  so  that  the  net  voltage  in 
the  group  is  zero  at  that  particular  instant.  Similarly,  the  instantaneous 
voltage  in  the  group  between  c  and  h  is  also  zero. 

When  the  armature  is  in  the  position,  with  respect  to  the  poles,  shown 
in  Fig.  228a,  it  is  generating  the  maximum  instantaneous  voltage  of  which 
it  is  capable;  in  any  other  position  the  instantaneous  voltage  generated 
by  some  of  the  inductors  in  a  group  (between  a  and  c,  or  between  h  and  c) 
will  be  in  opposition  to  that  generated  by  the  remaining  inductors  in  the 
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(a)  (6)  (c) 

Fig.  228. — A  single-phase,  single-circuit  winding  requires  that  the  two  halves  be 
properly  connected  in  series,  as  shown  in  (a)  If  connected  as  in  (c)  there  will 
be  no  voltage  across  the  terminals  of  the  winding. 


same  group.  When  the  armature  is  in  the  position  shown  in  Fig.  2286, 
the  instantaneous  voltage  of  the  armature  is  zero,  but  practically  all  of 
the  individual  inductors  are  generating  voltage. 

In  Fig.  228c  is  shown  another  way  in  which  the  inductors  used  before 
might  be  connected.  Consideration  of  this  winding  will  disclose  the  fact 
that,  although  the  indivicfual  inductors  are  all  generating  voltage,  the 
resultant  voltage  of  the  armature  winding  will  be  zero  for  any  position  of 
the  armature  with  respect  to  the  field.  In  the  position  shown,  the 
voltages  generated  by  the  inductors  between  x  and  z  are  in  opposition  to 
those  generated  by  the  inductors  lying  between  z  and  y.  The  winding  is 
therefore  useless,  but  it  is  given  to  illustrate  the  fact  that,  in  connecting 
the  inductors  in  a  given  winding,  care  must  be  taken  that  the  voltages  of 
the  various  inductors,  which  are  to  be  placed  in  series,  do  not  nearly 
neutralize  one  another,  that  is,  are  not  always  in  opposition.  To  obtain 
instantaneous  values  of  voltage  other  than  the  maximum,  there  must  be 
some  such  opposition  of  voltages  in  a  given  grouj);   but  when  the  arma- 
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turo  is  Kt'iicmtiuK  its  niaxinuiiu  instantuncoas  value,  the  voltages  gen- 
erated in  the  Riven  ^oup  must  all  Ih'  additive. 

160.  Single-phase  Closed-circuit  Winding. — In  Fig.  229  a  closed-circuit, 
Hiit:!<'-pha.s<»  winding  with  the  same  nundxT  of  inductors,  a.s  used  in  Fig.  228, 
I-  -liown ;  it  is  seen  to  be  identical  with  that  for  a  c.c.  generator.    In  part  a  of 
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(a)  (b) 

Fig.  229. — Another  way  of  connecting  a  the  armature  of  Fig.  228  to  deliver  single-phase 
power;  in  this  scheme  the  voltage  will  be  half  a.s  much  as  that  of  Fig.  228,  but  the 
current  capacity  will  be  doubled,  as  there  are  two  paths  in  parallel. 

the  figure,  each  half  of  the  winding  is  generating  maximum  voltage;  in  part 
6,  the  voltage  of  the  machine  Ls  zero.  As  the  two  halves  of  the  winding  are 
in  parallel,  the  voltage  of  the  machine  is  that  of  either  half.  When  this 
winding  is  compared  with  Fig.  228a,  it  will  be  seen  that,  when  the  winding 
is  connected  as  a  closed-circuit  winding,  the  voltage  which  it  is  capable 


Fio.  230. — A  winding  connected  to  deliver  two-phase  power.  In  (a)  and  (6)  the 
two  phases  are  separate  and  distinct,  whereas  in  (c)  the  two  phases  are  inter- 
connected, this  generally  being  called  a  mesh  winding. 


of  generating  is  one-half  of  what  it  will  generate  as  an  open-circuit  wind- 
ing; because  of  the  two  paths  in  parallel  the  current  capjacity  as  a  closed- 
circuit  winding  is,  however,  double  that  as  an  open-circuit  winding,,  leaving 
the  kw.  capacity  the  same. 

161.  Two-phase    Open-   and    Closed-circuit    Windings. — An   open- 
circuit,  two-phase  winding  is  represented  in  Fig.  230a;  the  entire  winding 
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is  divided  into  four  groups.  Two  of  the  groups  lying  180°  apart  are  con- 
nected in  series  to  form  one  phase  of  the  winding,  and  the  two  remaining 
groups  form  the  second  phase.  It  will  be  seen  that,  for  the  position  shown 
in  this  diagram,  the  instantaneous  voltages  of  the  two  phases  are  equal, 
but  that  the  voltage  of  phase  0262  is  decreasing  while  that  of  phase  aibi  is 
increasing;  the  voltage  of  phase  0262  is  at  its  135°  value,  and  that  of  phase 
0161  at  its  45°  value.  In  Fig.  2306,  the  armature  has  moved  45°  further 
ahead;  the  voltage  of  phase  0262  is  now  zero,  while  that  of  phase  aihi  is  at 
its  maximum  value. 

In  Fig.  230c,  the  same  inductors,  arranged  as  a  closed-circuit  winding, 
are  shown.  In  the  position  indicated,  the  winding  is  generating  maxi- 
mum voltage  between  terminals  a2  and  62,  while  the  voltage  between 
terminals  ai  and  fei  is  zero.     When  the  armature  moves  90°  further  ahead, 
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Fig.  231. — A  winding   connected  for  delivering  three-phase   pqwer.     In  (a)   the  Y- 
connection  is  used  and  in  (6)  the  A-conncction  is  used. 


the  voltage  between  ai  and  61  will  be  a  maximum,  and  the  voltage  between 
terminals  02  and  62  will  be  zero. 

152.  Three-phase  Open-  and  Closed-circuit  Windings. — In  Fig.  231 
the  same  inductors  used  before  are  connected  to  generate  three-phase 
voltages,  being  arranged  as  an  open-circuit  winding  in  part  a,  and  as  a 
closed-circuit  winding  in  part  h. 

Any  phase  generates  its  maximum  voltage  when  the  middle  of  that 
group  of  coils  passes  the  center  of  a  pole,  i.e.,  when  the  point  ni,  for  example, 
lies  in  the  horizontal.  Thus  in  Fig.  231a  phase  a  is  generating  its  60° 
value  of  voltage,  phase  b  its  180°  value  (i.e.,  its  instantaneous  voltage  is 
zero),  and  phase  c  is  generating  its  300°  value  of  voltage.  In  Fig.  2316, 
the  voltages  6  to  a,  c  to  6,  and  a  to  c  have  values  corresponding  to  those  of 
phases  a,  6  and  c  of  Fig.  231a. 

It  will  be  seen  that  the  open-circuit,  three-phase  winding  is  what 
we  have  previously  considered  as  a  Y-connected  winding,  while  the 
closed-circuit  winding  is  what  we  previously  called  a  A-connected 
winding. 
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163.  Resultant  Voltages  of  Various  Groupings  of  Armature  Inductors. — 
In  each  of  the  winding  schemes  shovra  in  Figs.  22S  to  231,  there  were 


Fi«i.  232. — On  the  assumption  that  each  eoil  generates  a  sine  wave  of  e.m.f.,  the 
voltage  of  a  24-ooil  winding  (2-polc  machine)  may  be  represented  by  either  of  the 
methods  used  here. 

twenty-four  inductors,  equal  distances  apart,  upon  the  armature  eurface. 
A  bipolar  field  havir-g  been  chosen,  one  revolution  of  the  armature  com- 
pletes one  cycle  in  every  inductor.  The 
twenty-four  inductors  being  separated 
from  one  another  by  one  twenty-fourth 
of  the  peripherj'  of  the  armature,  it  fol- 
lows that  the  e.m.f.  generated  in  each 
successive  inductor  lags  15  electrical 
degrees  behind  the  e.m.f.  in  the  adjacent 
inductor.  We  may  represent  this  fact 
by  a  radial  vector  diagram,  as  in  Fig. 
232a,  or  by  a  topographical  vector  dia- 
gram, as  in  Fig.  2326. 

When  the  inductors  are  arranged  as 
in  Fig.  228a,  one-half  of  the  inductors 
(12  to  1)  are  placed  in  series  to  form  one 
group;  the  remaining  inductors  (13  to 
24)  form  a  second  group.  The  voltage 
generated  by  either  group  will  then  be 
equal  to  the  vector  sum  of  12  e.m.fs., 
each  differing  in  phase  from  the  next  by 
15**;  evidently  the  resultant  voltages  of 
the  two  groups  will  be  in  phase.  Plotting 
the  separate  inductor  e.mis.  as  a  topo- 
graphic diagram,  this  vector  sum  is 
readily  found,  as  is  shown  in  Fig.  233,  by  the  vector  E\2-i. 

The  value  of  the  resultant  voltage  ^12-1  may  be  calculated  by  adding 


Fig.  233.— If  the  winding  of  Fig.  232 
is  tapped  for  a  two-phase  connec- 
tion, the  voltage  between  taps  may 
be  obtained  by  the  oonstruction 
shown  here. 
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the  vertical  projections  of  the  vectors  of  the  various  inductors.  Thus,  if 
each  inductor  is  considered  as  generating  one  volt  (effective),  the  value  of 
the  resultant  voltage  (effective)  of  group  12-1  will  be 

£^i2-i=sin7.5°+sin22.5°+sin37.5°+sin52.5° 
+  .  .  .sin  157. 5°+sin  172.5° 
which  by  combining  similar  terms  becomes 

^12-1  =  2(0.1305+0.3827+0.6088+0.7934 
+0 .  9239+0 .  9914)  =  7 .  6614  volts. 

Since  there  are  two  groups  of  inductors  in  series,  the  voltage  of  the 
machine  with  its  winding  arranged  open-circuit  will  be  2X7.6614  = 
15.3228  volts.  The  closed-circuit  winding  shown  in  Fig.  229  will  gen- 
erate a  voltage  of  7.6614  volts,  but  has  double  the  current-carrying 
capacity  of  the  open-circuit  winding. 

The  above  calculation  indicates  that  inductors  1  and  12  are  contrib- 
uting very  little  towards  the  voltage  of  the  machine;  if  they  were 
omitted  the  voltage  of  a  group  would  drop  from  7.6614  to  7.4004  volts,  a 
change  of  3.4  per  cent;  the  resistance  of  a  group  would  decrease  in  the 
ratio  of  12  to  10,  or  16.7  per  cent.  If  inductors  2  and  11  were  also  left  off, 
the  voltage  would  drop  to  6.6350  volts,  a  decrease  of  only  13.4  per  cent;  the 
resistance  of  the  group  would  drop  33.3  per  cent.  Of  the  total  voltage 
generated  by  twelve  inductors  in  series,  it  will  be  seen  that  inductors  5,  6, 
7,  and  8  generate  by  themselves  3.8306  volts  and  that,  in  the  winding 
scheme  shown,  the  addition  of  eight  more  inductors  (that  is,  increasing 
the  number  of  inductors  by  200  per  cent)  results  in  an  increase  in  voltage 
of  the  group  of  only  100  per  cent. 

In  the  two-phase,  open-circuit  arrangement  of  Fig.  230a,  each  phase 
consists  of  two  groups  of  six  inductors  in  series.  With  the  same  voltage 
generated  per  inductor,  as  given  in  Fig.  232,  the  voltage  of  the  group  6-1 
may  be  obtained  from  the  vector  diagram  of  Fig.  233  by  drawing  a  chord 
from  the  tail  of  vector  6  to  the  head  of  vector  1.  This  is  the  voltage 
Ee-i;  the  voltage  E12-7  is  similarly  obtained. 

The  numerical  value  of  the  voltage  £"6-1  is  obtained  by  adding  the 
vectors  6,  5,  4,  3,  2,  1,  which  gives  the  chord  6-1.    Thus 

^^1  =  2(0. 7934+0. 9239+0. 9914)  =  5. 4154  volts 

and  since  the  voltages  of  groups  6-1  and  13-18  are  in  phase,  the  voltage 
per  phase  of  the  machine  when  connected  as  in  Fig.  230a  is  10.8308  volts. 
The  two-phase,  closed-circuit  winding  of  Fig.  230c  gives  the  same 
voltage  per  phase  (i.e.,  across  terminals  ai6i  and  0262),  as  the  single-phase, 
closed-circuit  arrangement,  or  7.6614  volts.  This  is  less  than  the  two- 
phase,  open-circuit  arrangement  yielded,  but  we  shall  see  later  that  the 
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current  capacity  of  the  closed-circuit  winding  is  greater  than  that  of  the 
()|x'n-cirouit  winding,  so  that  the  kw.  capacity  of  both  windings  is  the 
siinie. 

In  both  of  the  three-phase  windings  of  Fig.  231  there  are  eight  induc- 
tors in  series  per  phase.  Thus  the  voltage  of  phase  a  is  obtained  by 
joining  the  tail  of  vector  8  to  the  head  of  vector  1 ;  this  gives  the  voltage 
£"8-1.  We  have  already  calculated  the  voltage  generated  by  a  group  of 
<'ight  inductors  in  series  and  found  it  to  be  6.6350  volts.  We  find  then 
that  the  open-circuit  or  Y-connected  winding  of  Fig.  231a,  gives  a  terminal 
voltage  of  V3X6.6350=11 .4785  volts;  the  closed-circuit,  or  A-con- 
iiocted  winding,  yields  6.6350  volts  between  terminals. 

In  Fig.  2.34  two  other  arrangements  of  the  twenty-four  inductors,  to 
yield  three-phtv.s«»  voltages,  are  shown,  those  in  parts  a  antl  b  Ix^ing  open- 
circuit,  or  Y-connected  windings,  and  that  in  part  c,  a  closed-circuit,  or 


Fro.  234. — In  the  actual  three-phase  winding  each  phase  is  made  up  by  connecting 
two  suitably  selected  groups  in  series,  instead  of  using  only  one  group  as  in  Fig. 
231.  This  change  in  coil  connection  appreciably  increases  the  capacity  of  the 
winding. 


A-connected  winding.  In  each  of  these  arrangements  the  entire  winding 
i.s  divided  into  si.\  groups  of  four  inductors ;  each  phase  consists  of  two  of 
these  groups  properly  connected  in  series,  the  groups  selected  being  180** 
a{)art.  Thus  in  Fig.  2.34a,  starting  at  end  a,  we  pick  up  inductors  1,  2,  3, 
and  4,  and  then  pass  directly  across  the  armature  and  pick  up  inductors 
16,  15,  14,  and  13,  the  last  inductor  being  connected  to  the  neutral.  The 
resultant  voltage  generated  by  a  group  of  four  inductors  in  series  is  obtained 
as  was  done  for  the  voltage  £12-1,  on  page  228;  this  gives  us 

^12-9  =  2(0.9239-1-0.9914)  =  3.8307  volts. 

Since  the  total  voltage  of  phase  b  is  made  up  of  group  voltages  £"12-9 
and  i?24-2i,  and  a.s  these  group  voltages  are  in  phase,  the  total  voltage  of 
phase  6  is  equal  to  2X3.^307  =  7.6614  volts.  The  voltage  between 
terminals  of  the  winding  is  v^  X  7.6614  =  13.2.>42  volts. 

Comparing  this  winding  with  that  of  Fig.  231a,  we  find  that  by  simply 
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rearranging  the  winding  we  have  increased  the  voltage  of  the  armature 

1    77^7 

from  11.4785  volts  to  13.2542  volts,  a  gain  of  -  '    _     =15.5  per  cent; 

11 . 4/ oO 

and  this  with  no  reduction  in  the  current-carrying  capacity  of  the  machine. 

Thus  a  little  knowledge  of  phase  relations  has  indicated  the  best  way  to 

connect  the  inductors. 

In  Fig.  2346,  the  same  winding  scheme  is  used  as  in  Fig.  234a,  with 
the  exception  of  a  change  in  the  connections  of  phase  c.  We  have  seen 
that  if  the  connections  of  a  coil  are  reversed,  the  e.m.f.  generated  by  that 
coil  is  also  reversed,  or  moved  through  180°.  In  Fig.  234a,  phase  c  starts 
with  inductor  17,  with  inductors  in  series  in  the  order  17,  18,  19,  20,  8,  7, 
6,  5,  the  last  inductor  being  connected  to  neutral.  In  Fig.  2346,  both 
the  terminals  and  the  order  of  connection  of  the  inductors  is  reversed. 
We  have  now  connected  inductor  20  to  the  neutral  and  pick  up  in  order 
inductors  20,  19,  18,  17,  5,  6,  7,  8,  the  last  becoming  now  the  terminal  of 
the  phase.  This  manner  of  picking  up  phase  c  in  reverse  order  leaves  its 
voltage  in  the  same  phase  relationship  with  the  other  phases,  as  it  had  be- 
fore. The  gain  in  using  the  scheme  of  Fig.  2346  is  that  the  end  connections 
of  the  phases  are  shortened;  the  terminals  a,  6,  c,  are  closer  together,  as 
are  also  the  three  neutral  ends. 

In  Fig.  234c,  the  closed-circuit,  or  A-connected  winding  corresponding 
to  the  open-circuit,  or  Y-connectcd  winding  of  Fig,  234a,  is  indicated. 
Compared  with  the  winding  shown  in  Fig.  2316,  the  same  gain  of  15.5 
per  cent  in  voltage  is  obtained  by  rearrangement  of  the  inductors.  The 
winding  might  be  further  arranged  by  reversing  the  terminals  of  phase  c 
and  the  order  of  connection  of  its  inductors;  this  would,  however,  result 
in  little  gain  in  so  far  as  the  length  of  the  phase  connections  is  concerned. 

154.  Relative  Power  Capacity  of  Various  Groupings  of  Armature 
Inductors. — If  we  now  assume  that  each  of  the  twenty-four  inductors  of 
the  windings  just  discussed  is  capable  of  carrying  safely  a  current  of  5 
amperes,  then  the  power  capacity  of  the  entire  single-phase,  open-circuit 
winding  of  Fig.  228a,  is  5X15.3228  =  76.6  watts,  provided  the  load  has 
unity  power  factor. 

The  total  currentrcarrying  capacity  of  the  single-phase,  closed-circuit 
winding  is  10  amperes,  since  each  of  the  two  parallel  paths  can  carry 
5  amperes;  the  power  capacity  of  the  winding  is  therefore  10X7.6614  = 
76.6  watts.  Both  single-phase  groupings  therefore  have  the  same  power 
capacity. 

The  two-phase,  open-circuit  winding  has  a  power  capacity  of  5  X  10.8308 
=  54.15  watts  per  phase,  or  a  total  power  capacity  of  108.3  watts,  with  a 
balanced  loading. 

To  determine  the  capacity  of  the  two-phase,  closed-circuit  winding, 
consider  that  a  current  of  /i  amperes  is  supplied  from  terminals  ai6i,  and 


POWER  OF  VARIOUS  GROUPINGS  OF  ARMATURE  INDUCTORS     231 

an  equal  current  of  I2  amperes  is  supplied  from  U'rminaLs  0362,  as  in 
Fig.  235.  Each  of  these  phase  current*  will  divide  equally  l)etween  the 
two  parallel  paths  of  Uie  armature,  so  that  each  inductor  carries  a  current 

of  ~  from  phase  No.  1  and  an  equal  current  of  ^  amperes  from  phase 

No.  2.     Those  currents  l)eing  90**  apart,  the  current  per  inductor  is 


'--M^m^i^' 


i='+/2=*  =  ^V^  =  0.707/. 


Since  each  inductor  is  capable  of  carrjing  5  amperes,  we  may  draw  a 


current  of  ^  ,,,^  =  7 .  07  amperes  from  the  terminals  of  each  phase. 
0./07 


The 


capacity  of  the  winding  is  then  7.07X7.6614  =  54.15  watts  per  phase,  or  a 
total  capacity  of  108 . 3  watts 
with  a  balanced  load. 

The  three-phase,  open- 
circuit,  or  Y-connected  wind- 
ing of  Fig.  231a,  u-sing  one 
group  of  eight  inductors  in 
series  per  phase,  has  a  power 
capacity  of  5X11 .4785  X  Vs 
=  99.4  watts.  The  closed- 
circuit,  or  A-connected  wind- 
ing of  Fig.  2316,  can  carry 
5  amperes  per  phase;  we 
may  then  draw  a  current  of 
5Xn/3  =  8.66  amperes  from 
each  terminal,  so  that  the 
power  capacity  of  the  wind- 
ing is  8.66  X  6.6350  XV3  = 
99.4  watts. 

In  the  th  roc-phase  wind- 
ings of  Fig.  234a  and  6, 
we  have  two  groups,  each 
with  four  inductors,  in  series.  The  current-carrying  capacities  of 
the  windings  are  the  same  as  those  of  the  three-phase  \\-indings  of  Fig. 
231a  and  6,  respectively,  so  that  the  power  capacities  are  5  X  13.2542  X 
>/3=  114.8  watt,s  for  the  Y-connecte<i  winding,  and  8.66 X 7.6614 xV3  = 
114.8  watts  for  the  A-connected  winding. 

In  Table  III  a  8ummar\'  of  the  voltage,  current,  and  power  capacities 
of  the  diflfercnt  groupings  is  given,  as  well  as  the  per  cent  capacity  of 
each  grouping  in  terms  of  the  single-phase  capacity.     It  will  be  seen  that 


Fio.  235. — In  determining  the  current  capacity  of 
a  two-phase  clofled-circuit  winding,  the  currents 
supplied  to  the  different  loads  must  l)e  suitably 
combined  to  get  the  resultant  ciurent  in  the 
various  coils 
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the  proper  two-phase  and  three-phase  groupings  have  capacities  41  and 
50  per  cent  greater  than  the  single-phase,  respectively,  indicating  clearly 
one  reason  why  most  a.c,  machinery  is  three-phase  rather  than  two- 
phase  or  single-phase. 


TABLE  III 


Grouping  of  Winding 


Single-phase,  open-circuit. . 

Single-phase,  closed-circuit 

Two-phase,  open-circuit 

Two-phase,  closed-circuit .  . 

Three-phase,  Y,  or  open- 
circuit  (1  group  per 
phase) 

Three-phase,  A,  or  closed- 
circuit  (1  group  per 
phase) 

Three-phase,  Y,  or  open- 
circuit  (2  groups  per 
phase) 

Three-phase,  A,  or  closed- 
circuit  (2  groups  per 
phase) 


Figure 
Number 


228a 
229a 
230a 
230c 


231a 


231b 


234a 


234c 


Terminal 
Voltage 


15.3228 
7.6614 

10.8308 
7.6614 


11.4785 


6.6350 


13.2542 


7.6614 


Current 

per 
Terminal 

in 
Amperes 


5 

10 
5 
7.07 


8.66 


8.66 


Capacity 
in 

Watts 


76.6 

76.6 

108.3 

108.3 


99.4 


99.4 


114.8 


114.8 


Per  Cent 

of 
Single- 
phase 

Capacity 


100 
100 
141 
141 


130 


130 


150 


150 


155.  Forms  of  Armature  Windings. — While  there  are  many  forms  of 
armature  windings  which  may  be  used  in  alternators,  there  are  practically 
only  two  that  are  in  general  use  in  the  United  States.  These  are  the  lap 
winding  and  the  chain  and  basket  windings,  the  basket  being  a  further 
development  of  the  chain  winding. 

156.  Lap  Winding.— The  lap  winding  is  the  most  common  type  of 
armature  winding  for  alternators,  synchronous  motors,  and  the  stators  of 
induction  motors.  It  is  similar  in  appearance  to  the  lap,  or  multiple- 
circuit  winding,  of  c.c.  machines;  in  fact,  any  c.c.  lap  winding  may  be 
utilized  as  the  armature  winding  of  an  alternator,  either  by  tapping  it  at 
suitable  places,  with  connections  to  slip  rings,  as  is  done  in  the  synchronous 
converter,  or  by  suitable  rearrangement  of  the  end-connections  of  the 
coils. 

In  the  lap  winding  there  are  generally  as  many  coils  as  there  are  slots; 
there  will  then  1x3  two  coil-sides  per  slot,  one  above  the  other,  making  the 
winding  a  two-layer  winding. 


LAP  WINDING 
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In  Figs.  236,  237,  and  238,  devolopeil  lap  windings,  for  generating 
single-,  two-,  and  three-phase  voltages,  are  shown,  the  armature  having 
twenty-four  slots,  and  the  field  four  poles,  in  each  case;  there  are  there- 
fore six  slota  per  pole.  In  the  single-phase  winding  only  four  of  the  six 
slots  per  pole  arc  use<l;  to  have  used  all  six  slots  would  have  increased  the 
voltage  which  the  winding  could  generate  by  only  a  few  per  cent,  while  the 


luveluped  sin^e-phaae  winding  using  onls  two-lhirds  of  the  slots  of  the 
armature. 


amount  of  copper  used,  and  the  armature  resistance,  would  have  increased 
50  per  cent.  In  the  two-  and  three-phase  windings  all  of  the  slots  are 
utilized.     Full-pitch  coils  are  used  in  all  three  windings. 

In  the  single-phase  winding  of  Fig.  2136,  l)eginning  at  terminal  A,  we 
pick  up  in  order  inductors  1,  14,  3,  16,  5,  18,  7,  20,  and  then  pass  with  a 
short  end-connection  to  inductor  25,  picking  up  inductors  25,  38,  27,  40, 


Fio.  237. — A  developed  lap  winding,  for  two-phase  power. 

29,  42,  31,  44.  From  inductor  44  we  move  back  with  a  longer  end- 
connection  to  inductor  32,  picking  up  inductors  32,  19,  30,  17,  28,  15,  26, 
13,  and  then  pass  to  inductor  8  over  a  short  end-connection  and  pick  up 
inductors  8,  43,  6,  41,  4,  39,  2,  37;  from  inductor  37  we  bring  out  terminal 
B.  It  will  be  seen  that  all  inductors  are  properly  connected  in  series,  as 
may  be  seen  by  following  the  arrows,  the  winding  having  been  drawn  in 
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such  relative  position,  with  respect  to  the  poles,  that  the  winding  is  gen- 
erating a  maximum  instantaneous  voltage. 

It  is  to  be  pointed  out  that  after  picking  up  inductor  44  we  had  a  choice 
of  passing  either  to  inductor  32,  or  to  inductor  8;  the  latter  connection, 
however,  would  have  required  an  end-connection  with  a  slot-pitch  of  7, 
whereas  the  connection  used  has  a  slot-pitch  of  only  6. 

A  two-phase  lap  winding,  also  using  twenty-four  slots  for  four  poles, 
is  shown  in  Fig.  237;  as  all  the  slots  are  utilized  there  will  be  three  slots 
per  pole  per  phase.  Each  phase  is  separate  from  the  other,  the  terminals 
of  phase  No.  1  (shown  in  full  lines)  being  Ai-Bi,  and  those  of  phase  No.  2 
(shown  in  dotted  lines)  being  A2-B2.     The  scheme  of  connecting  the  coils 


Neutral 


i 


1      Terminals       |2 


Y -Connection  of 
Winding  Ends 


A, 


1    Terminals 


I  P 


A  -Connection  of 


Winding  Ends 


|Bi 


Fig.  238. — A  developed  lap  winding  for  three-phase  power.  In  the  lower  part  of  the 
diagram  the  proper  end-connections  for  making  either  a  Y-  or  A-winding  are 
indicated. 


in  series  is  the  same  as  used  in  the  single-phase  winding  of  Fig.  236,  except 
that  there  are  three  coils  in  series  per  group  in  the  two-phase  winding, 
whereas  in  the  single-phase  winding  there  are  four.  In  the  position  of  the 
armature  with  respect  to  the  field,  as  shown,  phase  No.  1  is  generating 
maximum  voltage,  while  that  of  phase  No.  2  is  zero. 

A  three-phase  lap  winding  with  twenty-four  slots  and  four  poles  is 
shown  in  Fig.  238;  there  are  now  two  slots  per  pole  per  phase.  The 
beginning  ends  of  the  phases  are  Ai,  A2,  and  ^.3  and  the  finish  ends  are 
Bi,  Bo,  and  B.,;  it  will  be  seen  that  like  terminals  are  120°  apart.  Directly 
below  the  winding,  the  end-connections  necessary  to  connect  the  winding 
in  Y  or  in  A  are  shown. 

Since  all  the  coils  used  in  a  lap  winding  are  identical,  only  one  size 


LAP  WINDING 


235 


AA 


Fio.  239. — Typical  lap  coils  of  several  turns. 


Fi«.  240. — Typical  bar  coila  (one  turn  per  coil). 
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Fia.  241, — A  typical  lap  winding,  using  coils  of  several  turns  per  coil. 


Fig.  242. — A  tj'pic^al  lap  winding  using  bar  coils.     Notice  the  heavy  insulating  material 
I)ut  into  the  slot  before  the  coil-side  is  forced  in. 


LAP  WINDING 


237 


and  form  of  coil  is  necei«ary ;  in  practice,  foruieti  eoils,  with  the  necessary 
twists  in  the  end-connections  to  enable  the  coils  to  pass  each  other,  are 


1-  Ki.  J4;i.^A  thrtH'-phjLs*'  chain  winding;  notifc  that  in  each  phase,  coils  of  both  forms 
are  connet'tod  in  series,  so  that  the  resistance  and  reactance  of  the  different  phases 
riiav  Ih-  the  same. 


used.  The  coils  arc  suitably  insulated  before  insertion  into  the  slots  and 
arc  held  in  place  by  wedges,  or  similar  means.  Depending  upon  the  speed 
and  voltage  to  be  generated,  there  may  be  more  than  one  turn  per  coil; 


r  Ki.  244. — Section  of  a  completed  chain  nnnding. 

when  only  one  turn  per  coil  is  necessarj',  the  winding  is  often  spoken  of 
as  a  bar  winding.  Typical  coils  and  completed  windings  are  shown  in 
Figs.  239,  240,  241,  and  242. 
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157.  Chain  Winding. — A  chain  winding  is  one  having  one  slot  per  pole 
per  phase,  and  one-half  as  many  coils  as  there  are  slots;  it  derives  its 
name  from  the  appearance  of  the  completed  winding,  as  may  be  seen 
from  Fig.  243,  in  which  a  developed  three-phase,  chain  winding  is  shown, 
or   from   Fig.   244  which   shows    a    completed    chain    winding.      There 

being  only  one  coil-side  per  slot,  a 
chain  winding  is  a  single-layer 
winding. 

Coils  of  two  shapes  or  sizes  are 
required  in  order  that  the  end- 
connections  of  the  various  coils  may 
pass  each  other.  Figure  245  shows 
formed  coils  for  a  chain  winding;  it 
will  be  seen  that  the  ends  of  one 
size  or  shape  of  coil  are  left  straight 
while  those  of  the  other  size  or 
shape  are  suitably  bent. 

The  advantage  of  the  chain 
winding  is  that  crossings  of  the 
end-connections  are  reduced  to  a 
minimum;  in  a  lap  winding  there 
must  obviously  be  many  such  cross- 
ings. If  the  end-connections  of 
the  coils  are  bent  away  from  each 
other,  there  is  little  opportunity 
for  the  insulation  to  break  down 
at  these  points.  Chain  windings 
were  extensively  used  for  the  wind- 
ings of  small,  high-voltage,  slow- 
speed,  engine-driven  alternators. 
Because  of  the  increasing  use  of  the 

turbine  as  the  steam-driven  prime  mover,  the  chain  winding  now  has  but 

little  application. 

158,  Basket  Winding. — If  it  is  necessary  to  use  more  than  one  slot 
per  pole  per  phase,  then  the  chain  winding  develops  into  the  basket 
winding.  A  developed,  three-phase,  basket  winding,  using  two  slots  per 
pole  per  phase,  is  shown  in  Fig.  246,  and  a  completed  basket  winding  in 
Fig.  247.  The  principle  of  the  basket  winding  is  the  same  as  that  of  the 
chain  winding,  a  second  coil  being  added  concentrically  with  each  coil  of 
the  chain  winding,  as  one  basket  is  inserted  into  a  second;  a  basket 
winding  is  also  known  as  a  spiral  or  concentric  winding.  Four  sizes  or 
shapes  of  coils  are  required  for  a  basket  winding  with  two  slots  per  pole 
per  phase,  six  sizes  or  shapes  with  three  slots  per  pole  per  phase,  etc.     In 


Fig.  245. 


-Formed  coils  for  a  chain 
winding. 
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■  IK.  J48  a  group  of  two  coils  for  a  basket  winding  is  shown;   a  second 
shape  of  coils  with  bent  end-connections  must  also  be  provided. 

The  inner  coil  of  a  group  of  concentric  coils  will  obviously  be  of  frac- 
tional pitch,  while  the  outer  coil  will  have  a  pitch  greater  than  full-pitch; 
it  follows  from  this  that  the  several  concentric  coils  of  a  group  may  gener- 
ate different  voltages.  There  being  twelve  slots  per  pair  of  poles  in  the 
winding  of  Fig.  246,  the  voltage  in  each  inductor  will  be  30"  out  of  phase 
with  that  of  the  adjacent  inductor.  In  Fig.  249a,  the  e.m.f.  vectors  of 
inductors  1  to  8  are  shown,  the  armature  being  considered  as  moving  to 
the  left  in  Fig.  246.  In  connecting  inductors  1  and  8  to  form  a  coil, 
we  have  joined  them  so  that  they  will  add  their  voltages,  or  we  may  say 


Ncutnl 


Fio.  246. — The  basket  winding  Is  a  developed  form  of  chain  winding,  having  more  than 
one  coil  per  phase  per  pair  of  poles.  The  upper  numbers  are  those  <^  the  inductors 
and  the  lower  numbers  show  the  phase  in  which  the  inductor  is  used. 

that  we  have  picked  up  inductor  8  in  reverse  order  from  that  in  which 
inductor  1  was  picked  up.  The  coil  voltage  will  then  be  obtained  by 
combining  the  vector  of  inductor  8  with  that  of  inductor  1  reversed. 
Similarly,  the  voltage  of  the  inner  coU  is  obtained  by  combining  the  vector 
of  inductor  7  with  that  of  inductor  2  reversed. 

If  the  voltage  induced  per  inductor  is  one  volt,  the  voltage  induced  by 
the  outer  coil  will  be  (Fig.  2496) 

£8-i=2XciXco8  15'*  =  2X  1X0.9659=  1.9318  volts 

and  that  induced  by  the  inner  coil  will  be  (Fig.  249c) 

£:7-2  =  2Xe2Xcofl  15*  =  2X1X0,9659  =  1 .9318  volts. 

The  vector  diagram  shows  these  two  voltages  to  be  in  phase,  so  that 
the  voltage  of  a  group  is  2X1.9318  =  3.8636  volts. 
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Basket  windings  were  extensively  used  for  large,  high-voltage,  slow- 
speed  alternators;   but  as  the  turbine  has  superseded  the  steam  engine, 


CONNECTION  RET  VECi 
COILS  (BOTTOM  TO 


CONNECTION 
BETWEEN    ONE 
CO/^    GROUP 
AND    I  Ht  Ntxr 


Fig.  247. — A  completed  basket  winding;  the  groups  of  coils  used  in  each  phase  have 
been  indicated  and  it  is  seen  that  short  as  well  as  long  coils  are  connected  in  series 
for  each  phase,  to  keep  the  resistance  and  reactance  of  the  different  phases  the  same. 


Fig.  248. — Two  coils  to  be  used  in  a  basket  winding;  the  smaller  coil  is  shown  taped, 
while  the  longer  has  not  yet  been  served  with  its  insulating  cover. 


and  as  the  tendency  is  to  operate  water-wheel  alternators  at  high  speeds, 
basket  windings  are  being  used  but  little  for  alternators.    They  are  still 
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used  in  small  sjrnchronous  motors  which  are  to  be  operated  on  voltages 
above  2200;  in  such  small  high- voltage  machines,  the  insulation  of  the 
armature  is  a  problem  which  is  most  easily  solved  by  using  a  basket 
winding. 

159.  Number  of  Poles  and  Speeds  of  Commercial  Alternators. — It  is 
present  standard  practice  to  build  25-cycle  turlx>-altemators  i^ith  two 
poles  for  all  sizes,  including  those  as  large  as  35,000  kv.a.,  the  ma- 
chines operating  at  1500  r.p.m.  For  60  cycles,  turbo-alternators  are 
built  with  two  poles,  operating  at  3600  r.p.m.  for  sizes  up  to  6000  kv.a.; 
four  poles  and  1800  r.p.m.  are  used  up  to  30,000  kv.a.,  and  six  poles  and 
1200  r.p.m.  for  larger  sizes. 

In  water-wheel-driven  alternators  the  number  of  poles  varies  from 


Fio.  249. — Showing  the  effect  of  connecting  in  series  the  coils  of  a  basket  winding,  the 
different  coils  being  of  different  pitch. 


about  eight  to  about  fifty-four,  depending  upon  the  size  and  frequency, 
the  present  tendency  Ix^ing  to  operate  such  alternators  at  higher  speeds 
than  heretofore.  A  typical  modem  high-speed  12,000-volt,  25-cycle, 
water-wheel-driven  alternator  of  45,000  kv.a.  capacity,  for  example,  has 
sixteen  poles  and  operates  at  187.5  r.p.m.  This  machine  has  a  vertical 
shaft;  the  stator  frame  is  24.5  feet  in  diameter  and  10  feet  long  (parallel 
to  the  shaft). 

160.  Commercial  Windings. — The  armature  windings  of  25-cycle 
turbo-alternators  use  from  eight  to  eighteen  slots  per  pole  per  phase,  or  a 
total  of  from  forty-eight  to  one  hundred  and  eight  slots  in  all  on  the 
anuature,  depending  upon  the  size  and  voltage  of  the  machine.  The 
windings  are  always  of  the  lap  type,  the  pitch  of  the  coils  being  a  little 
over  50  per  cent  of  the  pole-pitch.  Such  a  low  value  of  coil-pitch  is  used 
to  keep  the  end-connections  of  the  coils  from  Ix'coming  unduly  long. 
With  a  fwo-}x)l<'  field,  if  full-pitch  coils  were  u.sed  the  end-connections  of 
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the  coils  would  reach  halfway  around  the  armature.  The  use  of  frac- 
tional coil-pitch  also  improves  the  wave  form  of  the  voltage  generated  by 
tho  altoniator. 

In  the  armature  windings  of  60-cycle  turbo-alternators,  from  five  to 
eight  slots  per  pole  per  phase  are  used,  the  winding  being  always  of  the 
lap  type.  -\  coil-pitch  of  about  80  per  cent  of  the  pole-pitch  is  used, 
this  value,  compared  to  full  pitch,  cutting  down  the  length  of  the  end- 
connections  of  the  coils  materially  with  a  loss  of  but  a  few  per  cent  in  volt- 
age. 

In  water-wheel-driven  alternators,  from  three  to  thirty  slots  per  pole 
per  phase  are  used,  depending  upon  the  frequency  and  voltage  of  the 
machine;  the  coil-pitch  used  is  generally  about  80  per  cent  when  lap 
windings  are  used. 

In  Fig.  250  a  typical  winding  is  shown,  with  three  slots  per  pole  per 
phase;  the  coil-pitch  is  7  9  of  the  pole-pitch.  For  the  sake  of  simplicity, 
a  winding  for  four  poles  only  is  shown  and  but  one  turn  per  coil  is  indicated. 

The  inductors  of  the  three  phases  are  differently  marked,  and  it  will 
be  seen  that,  as  a  result  of  the  fractional  pitch  used,  in  only  one-third  of 
the  slots  are  both  inductors  of  the  same  phase.  The  use  of  fractional 
pitch,  however,  still  permits  successive  groups  of  inductors  of  the  same 
phase  to  be  180°  apart;  thus  inductors  4,  6,  7,  8,  9,  11  occupy  the  same 
relative  position  under  one  pole  that  inductors  22,  24,  25,  26,  27,  29,  do 
under  the  next  pole. 

In  Fig.  250  it  will  be  seen  that  phases  No.  1  and  No.  3  are  picked  up 
in  the  same  order;  phase  No.  2,  however,  is  picked  up  in  reverse  order, 
with  the  result  that  the  three  start  and  the  three  finish  ends  of  the  three 
phases  are  close  together.  It  is  to  be  noted  that  some  of  the  end-con- 
nections are  represented  as  quite  long  (see  connection  between  inductors 
2  and  19).  This  was  done  to  avoid  confusion  in  the  diagram;  in  the 
actual  winding  these  connections  would  pass  directly  from  one  to  the 
other  of  the  inductors  involved. 

161.  Armature  Insulation. — Alternators  are  usually  designed  to  gen- 
erate their  power  at  moderately  high  voltages,  6000  to  15,000  volts. 
With  such  values  of  voltage,  the  armature  inductors  must  be  carefully 
insulated  to  guard  against  short-circuits  between  coils,  and  grounds  to 
the  armature  iron. 

The  material  most  generally  used  for  insulating  high-voltage  armature 
coils  is  mica,  in  the  form  of  tape  composed  of  layers  of  mica  between  layers 
of  thin,  tough  paper.  After  the  copper  wire  or  strap,  of  which  a  coil  is  to 
consist,  has  been  properly  formed,  mica  tape  is  applied  by  hand,  first 
around  each  of  the  different  turns  of  the  coil.  The  coils  are  then  placed 
in  a  tank,  and  after  they  have  been  subjected  to  a  vacuum  to  remove  the 
moisture,  an  insulating  compound  is  forced  into  the  coils  under  pressure 
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to  entirely  fill  all  the  spaces.  The  external  insulation  of  the  coil  is  then 
applied  by  hand;  it  consists  of  more  mica  tape  with  a  special  compound 
sticker  (which  also  has  high  insulating  properties)  between  layers.  After 
this  the  coil  may  again  be  subjected  to  vacuum  and  filled  under  pressure. 

The  whole  treatment  results  in  an  insulation  for  the  coils  which,  when 
warm,  is  sufficiently  plastic  to  allow  the  copper  to  expand  and  contract 
with  changes  in  temperature  with  a  minimum  disintegrating  effect  on  the 
mica  insulation. 

As  the  thickness  of  the  insulation  about  a  coil  increases  with  the 


Fig.  251. — The  armature  for  n  'mh"'  ,<i.;  n;  ; .-,-.  ihcficM  is  ]~'in  p.-,,  ,i  ;  i>.  :.!i.'ti  ..f 
the  armature  coils  must  be  nearly  90  mechanical  degrees.  Notice  how  the  end- 
connections  are  lashed  solidly  together,  for  mechanical  strength. 

voltage  of  the  machine,  it  becomes  evident  that  the  ratio  of  the  cross- 
section  of  the  copper  in  a  slot  to  the  cross-section  of  the  slot  itself  will 
decrease  as  more  and  more  insulation  iis  added  to  the  coils.  The  ratio 
just  mentioned  is  called  the  slot  factor;  for  machines  designed  for  voltages 
above  10,000  volts  the  slot  factor  is  about  0.3,  which  means  that  70  per 
cent  of  the  cross-section  of  a  slot  is  used  for  insulation. 

Alternators  are  now  built  to  generate  up  to  13,000  and  15,000  volts 
between  lines;  above  these  voltages  the  extra  cost  of  insulation  and  the 
necessarily  poor  slot  factors  make  it  less  expensive  to  install  trans- 
formers, with  a  low-voltage  alternator,  than  to  use  a  very  high-voltage 
alternator. 
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162.  Proper  Bracing  for  Armature  Coils. — When  the  winding  is  for  the 
armature  of  a  slow-speecl,  nmltiple-pole  generator,  the  end-connections 
are  short  and  rigid  and  n'tjuir*?  no  extra  bracing  to  prevent  bending  in 
ease  of  excessive  curn^nt ,  in  the  armature  winding.  In  the  case  of  a  turlx)- 
generator,  designed  for  high  speed,  and  hence  having  a  field  frame  of  only 
two  or  four  jwles,  the  end-connections  are  verj'  long;  if  a  short-circuit 
occurs  on  such  a  machine  the  forces  of  attraction  or  repulsion  between  the 
various  end-connections  will  twist  them  all  out  of  shape  unless  special 
pnn-autions  are  taken.  The  end-connections  of  such  generators  are, 
therefore,  well  braced;  where  the  ends  of  the  various  coils  cross  they  are 
rigidly  fastened  together  by  wooden  blocks  and  twine,  or  perhaps  lashed 
to  a  wooden  frame  designe<l  especially  for  bracing  the  end-connections. 

Figure  251  shows  the  end-connections  of  a  four-pole  turbo-generator; 
the  length  of  the  end-connections  is  apparent,  and  some  of  the  bracing 
may  be  seen.  Such  a  machine,  if  it  has  insufficient  bracing  at  the  end- 
connections,  may  have  its  coils  so  twisted  and  lx?nt  in  case  of  a  short- 
circuit  that  the  whole  winding  is  ruined. 

163.  Armature  Reaction. — The  armature  reaction  of  alternators  is 
more  difficult  to  understand  than  that  of  continuous-current  generators. 
The  conductors  of  a  continuous-current  machine  carry  a  current  of  con- 
stant value  during  one-half  a  revolution  (180  electrical  degrees)  and  the 
current  has  the  same  value  during  the  next  half  revolution  but  is  reversed 
in  direction.  It  has  l)een  shown  that  this  results  in  a  constant  mag- 
netizing or  demagnetizing  effect,  combined  with  a  constant  cross-mag- 
netizing effect  on  the  field. 

Now  the  conductors  of  an  altemat- 
ing-current  armature  earn.'  a  current 
which  is  continually  varying,  so  that 
each  coil  by  itself  produces  a  periodic 
effect  on  the  strength  of  the  field.  In 
the  case  of  a  single-phase  machine  the 
entire  armature  winding  pro<iuces  a  pul- 
sating effect  on  the  main  field,  while  in 
the  case  of  a  polyphase  machine  the 
instantaneous  effects  of  all  the  separate  yiq.  262.— The  magnetomotive-force 
coils  so  combine  as  to  produce  on  the 
main  field  an  effect  which  is  constant  in 
magnitude  and  direction,  like  that  pro- 
duced in  the  continuous-current  arma- 
ture. 

164.  Analysis  of   the   Action   of   a 
Single-coil  Alternator  with  a  Non-inductive  Load. — A  fair  idea  of  the 
action  of  a  single-<-oil  alternator  may  Ik?  t)btained  by  studying  Fig.  252. 


vector  of  a  single  coil,  caiT>'ing  ane- 
wave  current  to  a  resistive  load,  has 
for  its  locus  the  dashed  circle  shown 
here.  For  one  revolution  of  the 
armature  the  m.m.f.  vector  goes  twice 
around  its  locus. 
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A  two-pole  machine  is  considered  and  it  is  supposed  that  the  current  in 
the  coil  is  in  phase  with  the  generated  e.m.f.  so  that  the  current  is  a  maxi- 
mum when  the  coil  is  in  the  axis  of  the  main  field.  This  position  of  the 
coil  is  numbered  4-4'  in  Fig.  252.  The  m.m.f.  of  the  coil  is  given  by  the 
vector  Od,  at  right  angles  to  the  plane  of  the  coil. 

When  the  coil  is  in  the  position  1-1'  the  current  is  zero  and  hence  there 
is  no  m.m.f.  generated  by  the  coil.  At  the  position  2-2'  the  current  has 
started  to  build  up  and  the  m.m.f.  generated  by  the  coil  is  shown  by  the 
vector  Oh,  which  is  proportional  to  the  value  of  the  current  when  the  coil 
is  in  the  position  2-2'  and  is  at  right  angles  to  the  coil  in  this  position. 
The  m.m.fs.  for  the  other  positions  of  the  coil  given  in  Fig.  252  are  shown 
by  Oc,  Oe  and  Of. 

The  vectors,  if  carefully  constructed,  are  found  to  be  on  a  circular  locus, 
which  is  given  in  Fig.  252  by  the  dotted  circle.  As  the  armature  continues 
to  rotate  (only  180°  of  rotation  is  considered  in  Fig.  252)  the  m.m.f. 
vector  of  the  armature  starts  again  over  this  same  circular  locus. 

165.  Division  of  Armature  M.M.F.  into  Components. — If  we  consider 
5      any  m.m.f.  vector  (as  for  example  Ob),  it  is  seen  that  this  may  be  divided 

^^    into  two  components,  OA  which  tends  to  directly  magnetize  the  main  field, 

and  OB  which  tends  to  cross-magnetize  the  main  field.     For  every  vector 

;>      Ob  there  will  be  one  symmetrically  placed  with  respect  to  Od  as  an  axis  of 

>-      symmetry.     In  the  case  of  Ob  the  symmetrical  vector  is  Of,  or  the  m.m.f 

r>     vector  corresponding  to  coil  position  6-6'.     This  vector  Of  may  be  resolved 

into  its  two  components,  OA'  and  OB;  the  component  OA'  tends  to  directlj* 

demagnetize  the  main  field  and  OB  is  a  cross-magnetizing  effect. 

Now  every  other  vector  has  its  mate  and  the  resultant  direct  mag- 
netizing or  demagnetizing  effect  of  any  such  pair  is  zero,  because  the 
magnetizing  component  of  one  is  just  equal  to  the  demagnetizing  com- 
ponent of  the  other;  over_a_half-cycle  the  net  magnetizing  or  demagnet- 
izing effect  of  the  coil  is  zero. 

The  cross-magnetizing  effect  of  the  two  vectors  (06  and  Of  for  example) 
is  in  the  same  direction,  however,  so  that  the  cross-magnetizing  effect 
is  not  neutralized. 

Hence  we  conclude  that  in  the  single-phase  alternator,  the  armature  of 
which  is  carrying  current  in  pha^e  with  its  generated  e.m.f.,  the  armature 
reaction  produces  no  resultant  demagnetizing  effect  hut  does  cross-magnetize 
the  main  field  so  that  the  flux  is  concentrated  in  the  trailing  pole  tips. 

166.  Armature  M.M.F.  Produces  Pulsations  in  the  Strength  of  the 
Main  Field. — But  although  there  is  no  net  magnetizing  effect  in  such  a 
machine  it  is  to  be  noticed  that  at  some  instants  the  main  field  is  stronger 
than  normal,  and  at  others  weaker  (because  of  the  magnetizing  effect  OA 
and  demagnetizing  effect  of  OA',  for  example).  As  a  result,  the  main 
field  pulsates  in  strength,  and  a  study  of  this  effect  shows  that  this  pulsa- 
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tion  takes  placi'  with  a  frequency  just  twice  afl  great  as  that  of  the  gen- 
erated e.in.f.  of  the  armature.  It  may  also  l)e  seen  that  the  croa0- 
niagnetizing  action  is  also  pulsating  in  its  effect,  being  a  maximum  when 
the  ttrmutun'  (-urroiit  is  a  inaxiimnn,  and  Ix'inK  zero  90°  later. 

167.  Effects  of  Single-phase  Armature  Reaction. — The  total  effect  of 
the  armature  reaction  in  a  single-phase  generator,  carr>'ing  current  in 
phase  with  its  generaUnl  e.m.f.,  is,  therefore,  a  periodic  weakening  and 
strengthening  of  the  main  field  combined  with  a  periodic  oscillation  of  the 
field  back  and  forth  across  the  pole  face.  As  both  of  these  effects  produce 
eddy  currents  in  the  pole  face,  a  single-pha-se  generator,  unless  special 
precautions  have  been  taken  in  the  design,  is  likely  to  develop  a  great 
amount  of  heat  in  the  poles.  In  some  eases  this  effect  has  been  the  factor 
that  limite<l  the  output. 

168.  Single-phase  Armature  Reaction  with  Inductive  Load. — Suppose 
that  the  single-phase  generator  is  carrying  an  inductive  load.  The  cur- 
rent in  the  armature  will  have  the  same  m.m.f.  locus  as  it  had  in  Fig.  252, 
but  this  circular  locus  will  be  rotated  toward  the  right  as  shown  in 
Fig.  253.  This  represents  the  conditions  for  a  lagging  load  of  power 
factor  =  0.7 (</>  =  45**);  that  the  circular  locus  b  rotated  to  the  right  is  due 
to  the  fact  that  the  current  in  the 

coil  does  not  reach  its  maximum  value 
until  the  coil  has  rotated  45**  beyond 
position  4-4',  which  is  the  position 
of  maximum  voltage.  It  may  be 
seen  that  the  components  OA  and 
OA',  of  a  pair  of  vectors  (Oc  and  Oe 
for  example),  no  longer  neutralize  one 
another;  in  fact  with  cos  0  =  0.7  (Fig. 
253),  both  of  these  represent  a  demag- 
netizing (iction  on  the  main  field. 
Only  when  the  m.m.f.  vector  lies  to 
the  left  of  the  vertical  is  there  any 
magnetizing  action;  therefore,  the 
sum  of  all  the  demagnetizing  and 
magnetizing   components   shows  the 

nd  result  to  be  a  demagnetizing  effect  for  a  lagging  load.  The  cross- 
magnetizing  effect  is  still  present  but  not  to  such  an  extent  as  it  was  for 
cos  0=1,  l^ecause  during  part  of  the  alternation  the  cross-magnetizing 
effect  pushes  the  main  field  into  the  leading  pole  tips.  This  would  be  the 
effect  of  the  cross-magnetizing  component  of  Of,  for  example. 

The  result  of  these  combined  actions  is  that  the  armature  reaction  of  a 
single-phase  generator,  fiimishing  current  to  an  inductive  load,  not  only 
makes  the  main  field  pulsate  in  strength  and  oscillate  across  the  pole  face, 


FiQ.  253. — For  an  inductive  load  the 
m.m.f.  locus  of  Fig.  252  is  shifted  in  the 
direction  of  rotation,  by  an  angle  equal 
to  that  by  which  the  armature  current 
lags  behind  the  generated  voltage. 
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but  also  produces  a  net  weakening  of  the  main  field,  the  amount  of  weakening 
depending  upon  the  magnitude  of  the  current  in  the  armature  and  upon 
the  power  factor  of  the  load,  and  being  greater  the  less  the  power 
factor. 

169.  Single-phase  Armature  Reaction  with  Leading  Armature  Current. 
— In  case  the  alternator  is  furnishing  current,  of  the  same  magnitude  as 
before,  to  a  load  having  a  leading  power  factor,  the  locus  of  the  armature 
m.m.f.  is  the  same  circle  but  is  rotated  backward  from  the  position  it  had 
for  a  non-inductive  load;  this  condition  is  shown  in  Fig^  254.  A  study  of 
this  figure  shows  that  for  the  single-coil  alternator,  furnishing  a  leading 
current,  the  armature  reaction  results  in  a  periodic  pulsation  in  the  strength 
of  the  main  field,  an  oscillation  of  the  field  across  the  pole  face  from  the 
leading  to  the  trailing  pole  tips  and  back,  and  a  net  strengthening  of  the  main 
field,  which  is  proportional  to  the  armature  current  and  dependent  upon 
the  power  factor,  being  greater  the  less  the  power-factor. 

170.  Reaction  of  an  Actual  Multiple-coil  Winding. — The  previous 
analysis  has  been  carried  out  for  an  armature  having  a  single  coil;  how- 
ever, any  ordinary  single-phase  winding  produces  an  effect  nearly  the 
same  as  though  the  armature  had  but  one  turn,  as  will  be  shown  in  the 
following  analysis. 

In  Fig.  255  is  shown  a  single-phase,  full-pitch  winding  using  four  of 

the  six  slots  per  pole.     The  winding 
is  shown  as  moving  from  left  to  right, 
so  that   in   the   inductors    under    a 
north  pole  the  direction  of  the  in- 
duced e.m.fs.  is  into  the  paper,  and 
out  of  the  paper  under  a  south  pole. 
Assuming  that  the  winding  is  sup- 
plying  current   to   a    non-inductive 
load,  and  neglecting  the  reactance  of 
the  armature  winding,  the  current  in 
Fig.    254. — For   capacitive    loading   the  any  inductor  will  be  in  phase  with 
m.m.f.  locus    of    Fig.   252   is  shifted  the  e.m.f.  induced  in  the  inductor; 
against  the  direction  of  rotation  by  an  ^^^    winding    is    therefore    supplying 
angle  equal   to  the  phase  difference  of  .  ,        ^     ji         •     ^      . 

armature  current  and  generated  voltage,   maximum     current    at     the     mstant 

shown. 
Coils  1-12  and  25-36  each  set  up  an  m.m.f.,  the  direction  of  which  is 
down,  and  coil  13-24  will  set  up  an  m.m.f.,  the  direction  of  which  is  up; 
these  are  represented  by  the  rectangles  drawn  to  the  dotted  zero  line  aa. 
Similarly  coils  3-14,  15-26  and  27-38  will  set  up  m.m.fs.,  the  same  in 
value  as  the  coils  1-12,  13-24  and  25-36;  these  are  represented  by  the 
rectangles  drawn  to  the  zero  line  hb;  these  rectangles  are  naturally  15" 
behind  the  rectangles  drawn  to  the  zero  line  aa.     The  m.m.fs.  of  the 
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Coili!»-40 


CpiIl»-30 


Fio.  255. — By  drawing  the  m.m.f .  curve  for  each  of  the  coils  of  the  winding  in  its  proper 
position,  and  then  adding  together  the  separate  curves,  the  total  m.m.f.  of  the  wind- 
ing is  obtained.  The  stepped  curve  in  the  lower  part  of  the  diagram  gives  the  total 
m.m.f.  and  it  is  readily  seen  that  the  stepped  ciu^e  may  be  approximately  repre- 
sented by  the  sine  curve  shown. 
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remaining  coils  are  represented  by  the  rectangles  drawn  to  the  zero  lines 
cc  and  dd. 

The  resultant  m.m.f.  of  a  group  of  coils  may  be  obtained  by  combining 


Fig.  256. — A  single-phase  winding  at  the  instant  when  no  current  is  flowing.     The 
m.m.f.  diagram  of  the  field  poles  is  given  by  the  rectangular  blocks. 


N 


N 


J 

Fig.  257. — The  winding  of  Fig.  256  has  now  moved  along  45°,  is  canying  0.707  of  its 
maximum  current  value,  and  gives  an  m.m.f.  distribution  indicated  by  the  stepped 
curve. 


the  m.m.fs.  of  the  individual  coils;   the  resultant  so  ()l)tained  is  shown  as 
the   "stepped"    curve   at   the    bottom    of  the    figure.     This   resultant 
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"  stepped  "  curve  may,  by  rounding  off  the  corners,  be  replaced  by  a 
sine  curve,  as  shown. 

In  Figs.  256  to  259  the  same  winding  is  shown  in  four  successive 
positions,  the  power  factor  of  the  load  on  the  winding  being  again  unity; 
in  each  figure  one  group  of  coils  Is  drawn  in  heavy  lines,  so  that  it«  progress 
may  l)e  noted.  In  Fig.  256  the  winding  is  generating  zero  voltage  and 
carrj'ing  zero  current,  so  that  no  m.m.f.  is  set  up  by  the  winding.  This 
position  of  the  winding  corresponds  to  coil  position  1-1'  of  Fig.  252.  The 
m.m.f.  of  the  poles  is  shown  by  the  broken-line  rectangles;  actually  the 
latter  would  be  smooth  curves,  derived  by  .smoothing  over  the  comers  of 
the  rectangles.     No  m.m.f.  l)eing  set  up  by  the  windings,  when  \u  the 


Fig.  258. — The  winding  of  Fig.  1?56  has  now  moved  along  90 


^L 


Ks  oarrj'ing  its  ma?umum 
current,  and  gives  the  stepjjed  m.m.f.  curve  shown  here;  the  cross-magnetizing 
action  of  the  armature  is  here  a  maximum. 


position  shown  in  Fig.  256,  the  field  flux  will  be  normally  distributed 
over  the  air  gap,  a^  determined  by  the  field  m.m.f.  only. 

In  Fig.  257  the  winding  has  moved  45**  further  in  the  direction  of 
rotation;  it  is  therefore  generating  0.707  of  its  maximum  voltage  and 
carrying  0.707  of  its  maximum  current.  The  m.m.f.  set  up  by  the  wind- 
ing is  shown  in  full  lines,  and  that  of  the  field  poles  by  broken  lines,  and 
it  will  be  seen  that  the  two  m.m.f.  curves  overlap  considerably,  so  that 
there  is  a  distinct  strengthening  of  the  flux  across  the  air  gap.  The  fact 
that  the  middle  of  a  peak  of  the  armature  m.m.f.  curve  lies  under  a 
trailing  pole  tip,  indicates  that  the  resultant  m.m.f.  under  the  trailing 
pole  tips  is  greater  than  under  the  leading  pole  tips,  so  that  the  flux 
will  be  densest  under  a  trailing  pole  tip;   in  other  words,  the  flux  under 
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the  poles  has  shifted  somewhat  from  under  the  leading  to  the  traiUng 
pole  tips. 

In  Fig.  258  the  winding  has  advanced  another  45°  and  is  now  90° 
beyond  its  position  in  Fig.  256;  the  winding  is  now  generating  maximum 
voltage  and  carrying  maximum  current.  It  will  be  seen  that  the  middle 
of  a  peak  of  the  winding  m.m.f.  curve  lies  midway  between  poles,  and 
that  under  the  leading  pole  tips  the  m.m.f.  of  the  winding  opposes  that  of 
the  poles,  while  under  the  trailing  pole  tips  the  m.m.fs.  augment  each 
other.  The  two  m.m.fs.  are,  however,  symmetrically  placed,  the  winding 
m.m.f.  opposing  the  field  m.m.f.  as  much  under  one  tip  as  it  augments 


I J 

Fia.  259. — After  the  winding  of  Fig.  256  has  moved  along  135°  its  current  has  started 
to  decrease,  resulting  in  a  lower  m.m.f.  value.  What  m.m.f.  there  is,  however,  is 
largely  a  demagnetizing  one. 


under  another.  Whereas  the  flux  under  a  pole  is  therefore  shifted  to  a 
greater  degree  than  in  Fig.  257,  the  total  flux  per  pole  is  again  the  same 
as  in  Fig.  256,  when  the  winding  carried  no  current.^  The  position  of  the 
winding  in  Fig.  258  is  relatively  the  same  as  position  4-4'  of  the  single 
coil  of  Fig.  252,  the  winding  m.m.f.  being  at  right  angles  to  the  field  m.m.f. 
in  both  these  cases. 

In  Fig.  259  the  winding  has  advanced  another  45°  and  is  now  135° 
beyond  its  position  in  Fig.  256;  the  winding  is  again  generating  0.707  of 
its  maximum  voltage  and  is  carrying  0.707  of  its  maximum  current.  The 
two  m.m.f.  curves  are  now  seen  to  be  much  in  opposition,  the  middle  of  a 
peak  of  the  winding  m.m.f.  curve  now  being  under  the  leading  pole  tip. 

*  This  statement  follows  only  if  the  magnetization  curve  of  the  machine  is  a  straight 
line,  that  is,  the  iron  of  the  field  poles  is  far  away  from  the  condition  of  saturation. 
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There  is  therefore  a  considerable  reduction  in  the  flux  in  the  air  gap,  and 
also  some  distortion  of  the  field,  the  flux  again  being  most  dense  under  the 
trailing  tips. 

The  conclusions  to  be  drawn  from  Figs.  256  to  259  are  the  same  as 
were  drawn  after  study  of  Fig.  252,  i.e.,  that  there  is  a  periodic  strength- 
ening and  weakening  of  the  main  field,  combined  with  a  periodic  oscillation 
of  the  field  back  and  forth  across  the  pole  faces. 

171.  Reaction  of  an  Actual  Multiple-coil  Winding  with  Lagging  and 
Leading  Current. — If  diagrams  similar  to  Figs.  256  to  259  were  drawn 
with  the  winding  supplying  lagging  current,  the  conclusions  that  would  be 
drawn  are  the  same  as  were  reached  after  consideration  of  Fig.  253.    Two 


I 
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Fiu.  260. — For  lagging  loads  the  current  re-iches  its  corresponding  values  for  later  posi- 
tions of  the  armature  winding.  Here  the  current  has  its  ma.ximum  value,  although 
the  poeition  of  the  coils  corresponds  to  that  of  Fig.  259. 

such  positions  of  the  winding,  carrj'ing  current  lagging  45"  behind  the 
e.m.f.,  are  shown  in  Figs.  260  and  261.  In  Fig.  260  the  winding  is  in  its 
135**  |x>sition;  the  e.m.f.  generated  is  therefore  equal  to  0.707  of  the 
maximum  and  decreasing,  but  the  current,  having  been  assumed  as  lag- 
ging 45°  behind  the  voltage,  is  at  its  90",  or  maxinmm,  value.  It  will  be 
seen  that  the  m.m.f.  of  the  armature  is  much  in  opposition  to  that  of  the 
field,  and  that  the  field  flux  is  distorted,  being  den-sest  under  the  trailing 
pole  tip.  In  Fig.  261  the  winding  has  advanced  45**  further  so  as  to  be  at 
its  180**  position;  the  e.m.f.  generated  is  zero,  but  the  current  is  equal  to 
0.707  of  its  maximum  and  decreasing.  The  two  m.m.fs.  at  this  instant 
are  directly  in  opposition;  the  field  is  therefore  reduced  below  normal, 
but  is  not  distorted.    When  the  power  factor  of  the  winding  is  unity,  at 
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no  instant  is  there  direct  opposition  of  the  winding  and  field  m.m.fs.; 
the  m.m.fs.  only  oppose  or  augment  each  other  under  one  or  the  other  of 
the  pole  tips. 

If  a  figure  were  drawn  with  the  armature  in  its  90°  position,  with  the 
e.m.f.  a  maximum  and  the  current  equal  to  0.707  of  its  maximum,  the 
figure  would  be  the  same  as  Fig.  258,  except  that  the  corresponding  m.m.f. 
values  would  be  equal  to  0.866  of  the  values  in  Fig.  258;  at  that  instant 
there  would  be  only  distortion  of  the  field,  the  leading  pole  tip  being 
weakened  as  much  as  the  trailing  pole  is  strengthened. 

With  a  zero  power  factor,  lagging  current,  there  will  be  some  weaken- 
ing of  the  field  with  every  position  of  the  armature,  the  armature  m.m.f. 


Fig.  261. — For  a  position  45°  later  than  that  of  Fig.  260  the  armatxire  is  in  a  position  to 
directly  demagnetize  the  main  field  and  the  current  still  has  0.707  of  its  maximum 
value. 


reaching  its  maximum  and  being  directly  in  opposition  to  the  field  m.m.f. 
when  the  e.m.f.  is  zero.  A  figure  drawn  for  this  instant  would  be  the 
same  as  Fig.  261,  except  that  the  armature  m.m.f.  would  be  at  its  maxi- 
mum value. 

With  inductive  load  on  the  armature  we  again  reach  the  conclusion 
that  single-phase  armature  reaction  causes  the  main  field  to  pulsate  in 
strength  and  oscillate  across  the  pole  face,  and  also  that  it  produces  a 
net  weakening  of  the  field.  The  amount  of  weakening  depends  upon  the 
current  in  the  armature  and  upon  the  power  factor  of  the  load,  being 
greater  the  less  the  power  factor. 

In  Figs.  262  and  263  are  shown  two  instantaneous  positions  of  the 
same  winding  supplying  a  current  leading  the  e.m.f.  by  45°.     In  Fig.  262 
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the  c.m.f.  p'ncrated  is  lero,  so  that  the  current  is  at  its  45*  value,  i.e., 
equal  to  0.707  of  its  niaxinmin  and  increasing.     It  will  be  seen  that  the 


N 
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Fio.  262. — If  the  armature  is  supplying  a  leading  current,  the  effect  of  the  armature 
m.m.f.  is  to  magnetise  the  main  field;  here  the  current  has  0.707  of  its  maximum 
value  and  is  increasing. 


I 
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FiQ.  283. — For  a  position  45°  later  than  that  given  in  Fig.  262,  the  armature  m.m.f.  is  a 
maximum  (with  the  leading  current  assumed).  The  armature  reaction  is  here 
largely  a  magnetizing  one. 

armature  m.m.f.   now  dirrctly  augments  the  field  m.m.f.,  so  that  the 
field  is  strengthened;   in  Fig.  263  the  winding  has  moved  45°  further,  the 
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current  now  being  at  its  maximum  value.  The  two  m.m.fs.  are  still 
acting  together,  although  the  field  is  strengthened  more  under  the  trailing 
pole  tip  than  under  the  leading  tip. 

With  a  leading  power  factor  we  see  then  that  single-phase  armature 
reaction  causes  the  field  to  pulsate  in  strength  and  oscillate  across  the 
pole  faces,  and  also  produces  a  net  strengthening  of  the  field.  The  amount 
of  strengthening  depends  upon  the  current  in  the  armature  and  upon  the 
power  factor  of  the  load,  being  greater  the  less  the  power  factor. 

172.  Analysis  of  Armature  Reaction  in  a  Two-phase  Alternator. — The 
effect  of  armature  reaction  in  a  polyphase  generator  may  easily  be  seen 
by  drawing  the  vectors  showing  the  armature  m.m.f.  for  each  phase 
separately  and  then  combining  them.     Thus  in  the  two-phase  armature 


Coils  and  vectors  in  dotted  lines  show 
conditions  for  a  fraction  of  a  revolution 
later  than  those  shown  by  full  lines. 

Fig.  264.  Fig.  265. 

Fig.  264. — For  two  coils  90°  apart,  each  connected  to  its  own  load  (a  four-wire,  two- 
phase  alternator)  the  combined  m.m.f.  is  fixed  in  space  and  constant  in  magni- 
tude, if  the  two-phase  load  is  balanced.  The  value  of  the  armature  m.m.f.  is  equal 
to  the  maximum  value  of  that  of  one  coil. 

Fig.  265. — For  lagging  or  leading  load  currents,  the  armature  m.m.f.  vector  is  shifted 
with,  or  against,  the  direction  of  rotation. 

the  total  m.m.f.  may  be  obtained  by  adding  vectorially  two  chords  of  the 
circular  locus  at  right  angles  to  one  another.  They  are  added  at  right 
angles  because  the  phase  windings  on  the  machine  are  90°  apart.  Fig. 
264  shows  that  the  m.m.f.  of  the  armature  resulting  from  such  a  con- 
struction is  constant  in  magnitude  and  direction.  The  m.m.f.  of  phase 
1-1'  is  shown  at  OB  and  at  the  same  instant  phase  2-2'  is  producing  the 
m.m.f.  OA.  The  resultant  of  these  is  OC,  and  no  matter  at  what  instant 
the  armature  reaction  is  considered,  the  resultant  will  always  he  OC,  the  maxi- 
mum value  of  the  m.m.f.  of  one  -phase.  Fig.  264  shows  the  conditions  for  a 
non-inductive  load;  the  resultant  OC,  is  seen  to  be  entirely  a  cross- 
magnetizing  effect.  Now  if  the  load  were  inductive  the  proper  diagram 
would  show  that  the  armature  reaction  is  of  the  same  magnitude  OC, 
but  that  it  is  advanced  in  the  direction  of  rotation,  as  OC  of  Fig.  265, 
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the  jingh'  of  aiivaiice  iK'ing  (><{ual  to  «p,  wliere  cos  ^  is  the  iH)wer  factor  of 
the  loa<l. 

Ill  thi«  caso  of  a  load  with  a  leading  current,  the  armature  m.m.f. 
wouKl  still  Ik'  of  a  niajpiitude  equal  to  OC  but  its  direction  would  be 
iK'hind  that  of  (X\  as  showii  at  (K"',  of  Fig.  265;  again  the  angle  YOC' 
is  e^iual  to  ^,  the  angle  of  lead  of  the  current. 

173.  Analsrsis  of  Armature  Reaction  in  a  Three-phase  Alternator. — 
The  effect  of  armature  n^action  in  a  three-pha.se  alternator  may  lx>  obtained 
by  drawing  the  vectors  showing  the  m.m.f.  for  each  phase  separately,  and 
then  combining  them.  In  Fig.  266,  OA  represents  the  m.m.f.  of  phase 
1-r,  OB,  the  m.m.f.  of  pha.se  2-2',  and  OC,  the  m.m.f.  of  phase  3-3',  the 


¥ui.  266.  Fig.  267.  < 

1  i..    _'G6. — The  armature  m.m.f.  for  a  three-phase  armature  is  obtained  by  adding 
V€!ctorially  the  m.m.f8.  of  the  various  phases.     The  magnitude  of  the  resultant  i  - 
m.m.f.,  OR,  in  just  .50  {mt  cent  greater  than  the  maximum  value  of  that  for  one   ^. 
phase.  >\ 

FiQ.  267. — By  constructing  the  diagram  of  Fig.  266  for  a  time  30"  later  than  that  there v  '  . 
shown,  the  total  armature  m.m.f.  is  again  obtained  as  equal  to  OR,  which  is  the 
same  in  magnitude  and  position  as  that  obtained  in  Fig.  266.     The  position  of  the    ^  - 
armature  m.m.f.  (for  a  given  load)  is  fi.\ed  in  (M>sition  with  resp?ct  to  the  field  poles.  -^   - 

v.,  '■ 
power  factor  being  unity.     Since  phase  1-1'  is  generating  maximum  volt-   t   . 

age  at  the  instant  shown,  and  therefore  is  carrying  maximum  current,  its  ^j'^^ 
m.m.f.  is  a  maximum;   phases  2-2'  and  3-3'  are  each  carrj'ing  current """" 

OA    OM 

' '   of|iiMl  to  0.5  maximum  value,  so  that  OB  —  OC=-iy-=-^,  where  OM  is 

111'   maximum  value  of  the  m.mJ.  per  phase. 
Wy    The  resultant  m.m.f.  of  the  armature  is  the  vector  sum  of  the  three 
"phase  m.m.f.  vectors,  i.e.. 

OR=-OA-{-OB  cos  eO^'-f-OC  cos  60** 
=OAf-|-OA/co8  60 


OM-{~  =  \.b  OM. 


In  Fig.  267  the  winding  has  advanced  30"  further;  the  current  in  phase 
2  2'  is  zero,  while  phases  1-1'  and  3-3'  are  carrying  currents  equal  to 
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OC  =  0.866  OM.     The  resultant 


0.866  of  their  maximum  values,  i.e.,  OA 
m.m.f.  of  the  whole  armature  is  now 


OR  =  OA  cos  30°+OC  cos  30° 
=  2X0.866XOMX  cos  30° 
=  2X0. 866XOMX0. 866  =  2X0. 75XOM=  1.5  OM. 

A  similar  result  would  be  obtained  for  every  instantaneous  position  of 
the  armature,  so  that  we  find  that  the  resultant  m.m.f.  of  a  three-phase 
armature  is  constant  in  magnitude,  and  fixed  in  position  with  respect  to 
the  field  poles.  The  magnitude  of  the  resultant  m.m.f.  depends  upon  the 
magnitude  of  the  armature  current  and  is  equal  to  1.5  times  the  magni- 
tude of  the  maximum  value  of  the  m.m.f.  of  one  phase  of  the  winding. 

It  will  be  seen  that  if  the  three-phase  winding  is  carrying  a  lagging 
current  the  resultant  m.m.f.,  OR,  of  Figs.  266  and  267  will  be  rotated 
clockwise  and  for  a  leading  current  the  resultant  will  be  rotated  counter- 
clockwise, the  cosine  of  the  angle  between  the  resultant  and  the  vertical 
being  in  each  case  the  power  factor. 

With  a  power  factor  equal  to  unity,  the  resultant  m.m.f.  vector,  OR, 

is  at  right  angles  to  the  field,  so  that 
the  field  flux  is  merely  distorted,  be- 
coming concentrated  under  the  trailing 
pole  tips.  With  a  lagging  power  factor, 
the  m.m.f.  vector,  OR  (now  inclined  to 
the  right)  may  be  resolved  into  two 
components,  as  in  Fig.  268,  a  cross- 
magnetizing  component,  OC,  which  dis- 
torts the  field  as  before,  and  a  demag- 
netizing component,  OW,  which  weakens 
the  main  field.  With  a  leading  power 
factor,  the  m.m.f.  vector,  OR'  (now  in- 
clined to  the  left) ,  has  a  cross-magnetiz- 
ing component  and  a  magnetizing 
component  OM,  which  strengthens  the 
main  field. 

The  effect  of  power  factor  is  thus  to  either  weaken  or  strengthen  the 
field,  depending  upon  whether  the  current  lags  or  leads  the  e.m.f.,  the 
amount  of  weakening  or  strengthening  increasing  as  the  power  factor 
decreases. 

Armature  reaction  in  a  polyphase  alternator  differs  from  that  in  a 
single-phase  alternator  in  that,  with  a  balanced  load  on  the  armature, 
the  m.m.f.  of  the  armature  of  the  polyphase  alternator  is  constant  in  magni- 


Fia.  268. — The  armature  m.m.f.  of  the 
three-phase  machine,  with  balanced 
load,  is  constant  in  magnitude  and 
position  for  a  given  load,  but  shifts 
its  position  (with  respect  to  the  field 
poles)  as  the  power  factor  of  the 
load  changes. 
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tude  and  fixed  in  position  with  respect  to  the  field,  while  in  the  single-phase 
alternator  the  m.m.f.  is  pulsating  in  magnitude  and  constantly  changing 
in  position  with  respect  to  the  field.  In  the  polyphase  alternator,  there- 
fore, there  are  no  pulsations  of  the  field,  nor  does  the  field  flux  oscillate 
across  the  pole  faces. 

174.  Reaction  in  an  Actual  Multiple-coil  Winding. — In  Fig.  269  a  three- 
phase,  full-pitch  winding,  with  three  slots  per  pole  per  phase,  is  shown. 
The  resultant  m.m.f.  of  coils  1-1',  2-2^,  3-3',  may  be  represented  by  the 
curve  ab  cdefghjklm,  and  that  of  coils  4-4',  5-5',  6-6',  by  the  curve 
a'  b'  c  d!  e'  f  g'  A'/  it'  /'  m'.  The  combined  m.m.f.  curve  of  phase  No.  1 
is  then  the  curve  drawn  in  heavy  line;   as  before,  this  "stepped"  curve 
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Fio.  26ft. — By  depicting  the  armature  winding  in  the  developed  form  the  armature 
m.m.f.  of  a  multiple-coil  winding  may  be  easily  shown.  The  form  of  the  m.m.f. 
curve  for  phase  1  is  shown  as  the  heavy4)roken  line,  which  may  be  approximately 
replaced  by  the  sine-wave  curve. 


may  be  approximately  replaced  by  a  sine  curve.  It  is  evident  that  the 
m.m.f.  curves  of  the  other  two  phases,  when  these  phases  carry  their 
maximum  currents,  will  Ix?  the  same  as  that  indicated  for  phase  No.  1. 

In  Fig.  270  the  winding  is  shown  in  such  position  that  the  e.m.f.  gen- 
erated by  phase  No.  1  is  at  its  maximimi  value;  with  a  power  factor 
equal  to  unity,  this  phase  will  be  carrj'ing  maximum  current.  The  other 
phases  will  generate  voltages  and  carry  currents  equal  to  0.5  maximum 
values.  The  m.m.f.  of  phase  No.  1  is  represented  by  the  curve  ab  cdef  g 
hjkl,  that  of  phase  No.  2,  by  the  dotted  curve,  and  that  of  phase  No.  3 
by  the  broken-line  curve.  Combination  of  the  three  phase  m.m.fs.  yields 
the  heav\'-line  resultant  curve,  which  is  very  close  to  a  sine  wave.  The 
maximum  of  the  resultant  sine  wave  is  1.5  times  the  maximum  of  the 
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sine  wave  representing  the  maximum  m.m.f.  per  phase;  this  checks  the 
analysis  given  in  section  173. 

In  Fig.  271  the  winding  has  advanced  30°  further;  the  e.m.f.  and 
current  of  phase  No.  3  are  zero,  and  those  of  phases  No.  1  and  No.  2  are 
equal  to  0.866  of  their  maximum  values.  The  resultant  heavy-line  curve 
may  be  replaced  by  a  sine  wave  of  amplitude  equal  to  that  of  Fig.  270; 


Fig.  270. — The  m.m.f.  curves  for  each  of  the  phases,  for  this  instant  when  phase  1  is 
carrying  its  maximum  current.  The  'other  phases  (m.m.f s.  shown  by  dotted  and 
dashed  lines)  are  each  carrying  half  as  much  current.  The  total  m.m.f.  of  the  three 
phases  (solid,  heavy,  stepped  line)  may  be  approximately  replaced  by  the  sine  curve 
(full  light  line)  shown. 


it  is  seen  to  be  in  exactly  the  same  relative  position  with  respect  to  the 
field  poles  in  both  Figs.  270  and  271. 

With  a  lagging  power  factor,  the  resultant  armature  m.m.f.  curve 
would  be  shifted  further  to  the  right  so  as  to  come  more  into  opposition 
with  the  field  m.m.f.;  with  a  leading  power  factor,  the  resultant  would  be 
shifted  to  the  left,  tending  to  strengthen  the  field. 

175.  Previous  Analyses  for  Balanced  Loads  Only. — The  previous 
analyses  have  been  carried  out  on  the  assumption  of  a  balanced  poly- 
phase load,  i.e.,  all  phases  carrying  currents  of  the  same  magnitude  and 
power  factor.  With  unbalanced  loads  there  will  be  pulsations  in  the  field 
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strtniKth,  tU'iHiuling  u|m>ii  the  amount  of  unbalanco.  Summing  up  tlie 
results  for  a  ix)lyphasc  machine,  we  see  that,  when  the  load  is  bal- 
anced, the  armature  reaction  is  constant  in  magnitude  and  direction,  the 
same  as  in  a  continuous  current  machine;  the  magnitude  of  the  reaction 
depends  upon  the  value  of  the  armature  current  and  the  direction  de])ends 
upon  the  power  factor  of  the  load. 

176.  Magnitude  of  the  Efifect  of  Armature  upon  the  Main  Field. — 
The  magnitude  of  the  effect  of  the  armature  reaction  dei)ends  upon  the 
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Fia.  271. — The  armature  m.m.f.  for  an  instant  30°  later  than  that  shown  in  Fig.  270. 
The  m.m.f.  of  phu.se  3  is  now  zero  l)ut  the  total  armature  m.m.f.  (soUd  heavy  steppe*! 
line)  is  the  same  in  magnitude  and  jKwition  (with  resjiect  to  field  poles)  as  it  was 
in  Fig.  270.  Although  somewhat  different  in  form,  it  may  be  nearly  replaced  hy 
t  he  same  sine  curve  as  used  in  Fig.  270. 


ratio  of  the  armature  ampere-turns  to  the  field  ampere-turns.  A 
machine  having  a  long  air  gap  requires  many  ampere-turns  on  its  field, 
and  if  it  has  but  few  ampere-turns  on  its  armature  the  machine  is  said  to 
have  a  stiff  field.  The  field  of  such  a  machine  is  affected  but  little 
either  in  magnititude  or  position  by  armature  reaction. 

It  will  lx>  sho^*!!  in  later  paragraphs  that  armature  reaction  affects 
the  operating  characteristics  of  alternators,  particularly  with  the  lagging 
power  factors  generally  occurring  in  practice.  In  order  to  give  alter- 
natfirs  certain  electrical  characteristics,  it  is  found  tlesirable  to  make  the 
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ampere-turns  of  the  armature  at  full  load  about  equal  to  the  ampere- 
turns  expended  in  the  air  gap  at  no  load  and  normal  voltage.  At  full 
load  and  rated  voltage,  the  field  ampere-turns  are  larger  than  the  arma- 
ture ampere-turns  by  from  30  to  50  per  cent. 

177.  Resultant  Armature  M.M.F  in  Polyphase  Alternators  Rotates 
with  Respect  to  the  Armature. — We  have  seen  that  in  an  alternator  with 
a  rotating  armature,  the  resultant  m.m.f.  of  the  armature  is  fixed  with 
respect  to  the  field.  It  follows  that  this  armature  m.m.f.  must  rotate 
backwards  with  respect  to  the  armature  with  the  same  speed  that  the 
armature  rotates  forward.  In  a  revolving-field  alternator,  the  armature 
being  stationary,  its  resultant  m.m.f.,  in  order  to  remain  fixed  with 
respect  to  the  field,  must  revolve  in  the  same  direction  as  the  field  is 
rotating,  and  with  the  same  speed. 

It  should  be  evident  then,  that  if  a  current  is  passed  through  the  arma- 
ture winding  of  an  alternator  whose  field  has  been  removed,  the  armature 
will  set  up  an  m.m.f.  of  the  form  shown  in  Figs.  270  and  271.  At  each 
peak  of  the  m.m.f.  wave  a  magnetic  pole  will  be  found,  and  since  the 
m.m.f.  revolves  with  respect  to  the  armature,  there  is  thus  set  up  a 
revolving  magnetic  field.  Such  a  revolving  field  is  of  prime  importance 
in  the  operation  of  the  induction  motor  and  in  this  kind  of  motor  is  set 
up  by  a  winding  identical  with  that  of  a  revolving-field  alternator;  in  the 
induction  motor,  however,  a  rotor  of  different  construction  is  used,  as 
will  be  shown  in  the  chapter  dealing  with  motors  of  this  type. 

178.  Rating  of  A.-C.  Machinery. — The  rating  of  alternating-current 
machines,  generators,  transformers,  etc.,  is  practically  never  given  in 
kilowatts,  but  in  kilovolt-ampercs.  A  generator  having  a  safe  current 
capacity  of  10  amperes  and  giving  an  e.m.f.  of  100  volts  would  be  rated 
as  having  a  capacity  of  one  kilovolt -ampere  or  abbreviated,  1  kv.a. 

To  get  the  rating  of  a  single-phase  generator  or  transformer  the 
safe  capacity  in  amperes  is  multiplied  by  the  terminal  voltage  and  this 
product  is  divided  by  one  thousand.  For  example  a  2300-volt  single- 
phase  alternator  having  a  safe  current  capacity  of  100  amperes  would 

,  ,.        ,2300X100     -_, 

have  a  ratmg  of  — 1^100 —  ~  ^^^  kv.a. 

If  the  machine  being  considered  were  a  two-phase  alternator  having  a 
capacity  of  100  amperes  per  phase  and  giving  2300  volts  in  each  phase, 
the  kv.a.  rating  would  be  twice  that  of  one  phase,  or  460  kv.a.  If  it 
were  a  three-phase  alternator,  giving  2300  volts  between  any  tv/o  lines 
and   having  a  capacity  of  100  amperes  perlinc  the  kv.a.  rating  would 

,            ,  .     2300X100X^3     _„, 
be  equal  to  :rprprp: =  398  kv.a. 


Why  should  the  capacity  of  an  alternating-current  machine  be  given 
in  kilovolt^amperes  instead  of  in  kilowatts?     We  have  shown  that  the 
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ouiput  of  an  tUiliic  machine  is  fixed  by  the  safe  heating,  and  that  this 
h(«ating  in  the  conductors  fixes,  therefore,  the  safe  current  the  machine 
may  carr>'.  Its  voltage  is  fixed  by  the  saturation  of  the  magnetic  field, 
iiuml)er  of  conductors,  speed,  etc.,  and  cannot  safely  exceed  that  for  which 
the  machine  was  designed.  The  two  limiting  factors  of  the  output  are  thus 
the  current  and  voltage,  and  it  may  be  that  the  power  factor  of  the  load  to 
which  the  generator  is  furnishing  current  is  less  than  unity. 

Example. — Let  us  consider  the  2300-volt,  lOO-ampere,  single-phase 
generator;  its  rating  was  230  kv.a.  Now  if  the  load  power  factor  w^ere 
0.5,  when  the  machine  was  delivering  100  amperes  at  2300  volts  the  watts 
output  would  be  2300 X 100 X 0.5  =  1 15,000  watts  =  1 15  kw.  So  that  the 
generator  would  be  working  to  its  safe  limit  to  supply  115  kw.,  whereas  if 
the  power  factor  of  the  load  were  unity  the  possible  output  would  be  230  kw. 
Thus  the  possible  power  output  of  a  generator  depends  entirely  upon  the 
power  factor  of  the  load;  alternating-current  machinery  is  therefore 
rated  in  terms  of  volts  and  amperes,  and  not  watts.  If  a  machine  is 
rate<l  in  kilowatts  a  loatl  of  power  factor  equal  to  unity  has  been 
a.^^unic<l. 

179.  Armature  Reactance. — When  current  flows  in  the  conductors  of 
the  armature  of  an  alternator,  magnetic  lines  w^ill  be  set  up  around  tht^c 
conductors,  so  that  the  armature  winding  poesesses  self-induction.  The 
solf-induction  when  multiplied  by  2t  times  the  frequency,  gives  the 
reactance  of  the  armature.  When  current  flows  through  the  winding 
there  must  then  Ix?  a  reactance  drop,  i.e.,  a  component  of  the  voltage 
generated  in  the  armature  must  be  used  to  supply  the  reactance  drop 
of  the  winding. 

180.  Armatiu-e  Resistance. — When  a  current  flows  through  the  alter- 
nator armature  the  magnetic  lines  set  up  around  the  conductors  cause 
hysteresis  and  eddy-current  losses  in  the  surrounding  iron.  In  order  to 
take  these  losses  into  account  with  the  PR  losses  occurring  in  the  con- 
ductors themselves,  the  resistance  of  the  armature  is  expressed  as  an 
effective  resistance,  such  that,  ^hen  multiplied  by  the  square  of  the 
current,  the  total  losses  in  the  armature  may  be  determined.  Evidently 
the  effective  resistance  of  the  armature  is  greater  than  its  conductor 
resistance  (i.e.,  the  resistance  measured  by  c.c);  in  practice  the  effective 
resistance  Ls  generally  aljout  20  per  cent  greater  than  the  conductor 
resistance;  it  may,  however,  \)c  as  much  as  200  per  cent  greater. 

The  vector  sum  of  the  resistance  and  reactance  gives  the  impedance, 
Z,  of  the  armature  winding. 

181.  Characteristic  Curves. — There  are  many  kinds  of  so-called  char- 
acteristic curves,  l)ut  the  two  to  be  considere<i  here  are  the  external 
(•haracteristic  and  the  armature  characteristic;  the  latter  is  often  called 
the  field-compounding  curve.     The  efficiency  curve  is  similar  in  shape  to 
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that  of  a  continuous-current  generator  and,  as  the  same  factors  deter- 
mine the  form  of  the  curve  for  both  machines,  it  will  not  be  taken  up 
here.     It  was  discussed  and  analyzed  in  Volume  I  in  detail. 

The  external  characteristic  of  an  alternator  shows  the  relation  between 
the  terminal  voltage  and  the  load  current,  the  field  current  being  held 
constant  at  that  value  which  gives  rated  voltage  when  rated  full-load 
current  is  being  carried.  The  shape  of  this  curve  resembles  that  of  a  con- 
tinuous-current, separately  excited  generator,  but  the  shape  of  the  curve 
for  an  alternator  depends  somewhat  on  the  power  factor  of  its  load.  Fig. 
272  serves  to  illustrate  this  point;  the  rated  full-load  voltage  is  oD  and 
the  external  characteristic  for  a  non-inductive  load  is  shown  by  the  curve 
BGF,  for  an  inductive  load  by  the  curve  CGE,  and  for  load  of  leading 
power  factor  by  the  curve  QGP.  It  will  be  noticed  that  the  drop  in 
terminal  voltage,  for  a  given  increase  in  load  current,  is  greater  for  an 
inductive  than  for  a  non-inductive  load. 

182.  Factors  Affecting  the  Form  of  the  External  Characteristic. — 
The  factors  which  act  to  change  the  terminal  voltage  of  an  alternator  as 
the  load  is  varied  are:  the  armature  resistance,  the  armature  reactance, 
and  the  armature  reaction.  In  obtaining  the  external  characteristic  the 
field  current  is  maintained  constant,  and  hence,  if  the  armature  current 
did  not  affect  the  field  strength,  the  generated  e.m.f.  would  remain  con- 
stant as  the  load  varied.  But,  as  previously  shown,  the  armature  reacts 
to  affect  the  strength  of  the  main  field,  a  lagging  current  demagnetizing 
the  field  and  a  leading  current  magnetizing  it.     Thus,  as  a  lagging  load  is 

increased,  the  generated  e.m.f.  of  the 
armature  decreases  even  though  the  field 
current  and  speed  are  held  constant. 
With  a  load  of  leading  current,  the  gen- 
erated e.m.f.  increases  with  an  increase 
of  load. 

The  terminal  voltage  is  obtained  by 
subtracting  (vectorially)  the  armature 
IR  and  IX  drops  from  the  generated 
e.m.f.  These  combined  effects  give  ex- 
ternal characteristics  similar  in  form  to 
those  given  in  Fig.  272. 

183.  Field  -  compounding    Curve. — 
The   armature  characteristic,   or  field- 
compounding  curve,  shows  the  relation 
between  the  load  current  and  the  field 
current,  the  latter  being  so  varied  that  the  terminal  voltage  of  the  alter- 
nator remains  constant  as  the  load  is  changed.     The  field  current  must 
be  increased   to  a  considerable  extent  when  the  load  is  changed  from 
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Fia.  272. — Showing  the  external  char- 
acteristics and  armature  character- 
istics (field-compounding  curves)  for 
different  kinds  of  loads. 
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zero  to  rat<Ml  capacity  and  over,  and  this  increase  is  greater  for  an  induc- 
tive than  for  a  non-inductive  loa<i. 

Experimentally  obtained  results  for  a  small  alternator  are  given  by 
the  curves  KIN  and  KIIM  of  Fig.  272.  The  first  curve  is  for  a  non- 
inductive  lomi  and  the  second  for  a  load  of  cos  0  =  0.7,  lagging  current. 

184.  Terminal  Voltage  of  an  Alternator. — In  Fig.  273  are  shown  voltage 
diagnmis  for  an  alternator  carrying  current,  in  (a)  with  a  lagging  power 
factor,  in  (6)  with  unity  power  factor,  and  in  (c)  with  a  leading  power 
factor.  It  will  l)c  seen  that 
the  relative  effects  of  the 
resistance  and  reactance 
drops  vary  with  power  fac- 
tor. With  a  power  factor 
of  unity,  the  IR  drop  has 
greater  effect  on  the  termi- 
nal voltage  than  with  low 
power  factors,  while  with  a 
given  generated  voltage  the 
IX  drop  produces  greater 
reduction  in  terminal  volt 
age  with  lagging  power 
factors;  with  leading  power 
factors  the  IX  drop  tends 
to  increase  the  terminal 
voltage. 

It  must  be  carefully 
noted  that  if  the  true  react- 
ance of  the  armature  is 
used  in  constructing  these 
diagrams,  they  take  no 
account  of  armature  reac- 
tion, which  acts  directly 
upon  the  flux  and  so  af- 
fects the  generated  voltage. 
Thus,  if  the  generated 
voltage  in  each  of  the  diagrams  of  Fig.  273  is  the  same,  we  must  assume 
more  field  current  used  in  (a)  than  in  (6),  and  more  in  (6)  than  in  (c). 

The  effect  of  armature  reaction  is  frequently  combined  with  the  true 
reactance  of  the  armature,  the  result  being  then  termed  the  total  or 
synchronous  reactance.  More  will  be  said  of  synchronous  reactance 
later. 

185.  Regulation. — The  regulation  of  an  alternator  at  a  given  power 
factor  is  defined  as  the  change  in  voltage  from  full  load  to  no  load,  divided 
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Fig.  273. — iSimplc  voltage  diugramj:^  for  one  phase 
of  an  alternator  for  (a)  inductive,  (6)  resistive,  and 
(c)  capacitive,  loads. 


266  THE  ALTERNATING-CURRENT  GENERATOR  [Chap.  VI 

by  the  full-load  voltage,  both  voltages  being  taken  with  the  alternator 
running  at  rated  speed;  expressed  in  per  cent,  this  may  be  represented  by 
the  equation 

_,       ,    .         /no-load  voltage  —  full-load  voltageX 
Regulation  =  (^ full-load  voltage /  ><  ^^- 

If  the  external  characteristics  of  an  alternator  have  been  experimentally 
determined  as  in  Fig.  272,  regulation  may  readily  be  calculated  from  the 
curves. 

With  a  leading  power  factor  the  no-load  voltage  may  be  less  than  the 
full-load  voltage;  the  regulation  is  then  considered  as  negative. 

186.  Determination  of  Alternator  Regulation. — The  external  charac- 
teristics of  a  small  alternator  may  be  determined  by  actually  loading  the 
machine,  the  amount  of  input  power  required,  and  the  power  output  to  be 
absorbed,  being  small.  With  large  alternators,  to  actually  load  the  machine 
before  it  is  installed  becomes  a  problem  in  itself,  and  is  quite  costly. 
Even  after  an  alternator  is  installed  it  may  be  difficult  to  secure  the  desired 
balanced  load. 

The  regulation  of  an  alternator  may  be  determined  by  methods  requir- 
ing tests  which  involve  little  power,  the  results  being  sufficiently  accurate 
for  most  purposes.  In  all  such  methods  the  armature  reactance  is 
increased  by  a  sufficient  amount  to  allow  for  the  effect  of  armature  reac- 
tion, because  it  is  very  difficult  to  separate  these  two  effects. 

Two  methods  of  determining  the  regulation  of  an  alternator  will  be 
considered,  the  c.m.f.,  or  synchronous  impedance  method,  and  the  A.I.E.E. 
method. 

187.  Electromotive  Force,  or  Synchronous  Impedance,  Method. — In 
this  method  the  generated  voltage  corresponding  to  a  given  terminal 
voltage,  at  rated  load,  is  determined  by  the  use  of  vector  diagrams,  as  in 
Fig.  273.  The  IR  drop  is  generally  calculated  from  the  conductor  resist- 
ance increased  by  about  20  per  cent,  and  the  IX  and  IZ  drops,  now  called 
the  synchronous  reactance  and  impedance  drops,  are  obtained  by  special 
tests.     The  terminal  voltage  is  the  rated  voltage  of  the  machine. 

To  determine  the  synchronous  impedance,  the  saturation  curve  of  the 
machine  is  first  determined  in  exactly  the  same  way  that  the  saturation 
curve  of  a  c.c.  machine  was  obtained;  this  curve  expresses  the  relation 
between  generated  voltage  and  field  current,  being  obtained  with  the 
alternator  running  at  rated  frequency  with  no  load.  After  the  saturation 
curve  has  been  determined,  the  alternator  field  is  reduced  to  zero,  and  the 
armature  is  short-circuited  through  ammeters,  as  in  Fig.  274.  With 
the  machine  still  running  at  rated  speed,  the  field  is  gradually  strengthened, 
and  a  curve  between  armature  current  and  field  current  det<»rmined,  the 
armature  current  being  increased  to  about  150  per  cent  of  its  rated  value. 
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Such  a  "short-circuit  currt'iit,"    ■         -\  luhronous  iinjxtluufc  "  curve  is 
shown  in  Fig.  275. 

With  tho  armature  short-circuited,  to  cau.se  rated  current,  AB,  to  flow, 
ro<iuires  a  field  current  OA,  hut  if  the  short-cir- 
cuit is  removed  from  the  armature  with  the 
machine  still  running  at  rated  frequency  and  the 
field  current  OA  maintaiiifd.  tlie  generated  voltage 
will  be  CA. 

If  it  is  assumed  that  the  voltage  CA  was  gen- 
erated by  the  armature  while  short-circuited,  then 
all  of  it  must  have  been  used  up  in  overcoming 
the  impedance  of  the  armature.  Thus  we  may 
calculate  the  synchronous  impedance,  per  phase, 
Zs  (calletl  "synchronous"  Ix^cause  the  impedance 
is  determined  while  the  machine  is  running  at 
synchronous  speed),  by  dividing  the  open-circuit 
voltage  at  a  given  field  current  by  the  short- 
circuit  armature  current  at  the  same  value  of  field    current,    that    is 

CA 


Fig.  274. — In  getting  the 
8ynchronout«  impedance 
of  a  three-phase  ma- 
chine the  excitation  of 
the  generat{)r  is  reduced 
to  a  suitably  low  value, 
and  the  armature  short- 
circuiteil  throuuh  three 
ammeter- 


Zs  = 


BA- 


Knowing  the  eflfective  resistance  of  the  armature,  per  phase,  we  may 
tletermine  the  synchronous  reactance,  Xs  since 


Zs=^^R^F+X?. 


0  Field  Current 

Fio.  275. — Two  of  the  important  characteristic  cur%'e«  of  an  alternator. 
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The  value  of  synchronous  reactance,  as  determined  by  the  method  just 
outHned,  is  larger  than  the  actual  synchronous  reactance  of  the  armature 
under  operating  conditions.  The  field  current  required  to  force  rated 
current  through  the  short-circuited  armature  is  only  about  40  per  cent 
of  that  required  to  generate  rated  voltage  at  no  load;  the  main  field  is 
therefore  relatively  weak.  In  normal  design  the  reactance  of  an  arma- 
.ture  is  generally  many  times  its  resistance,  so  that  when  the  armature  is 
short-circuited,  the  armature  current  will  lag  behind  the  generated  voltage 
by  an  angle  between  70°  and  90°,  and  will  therefore  cause  armature 
reaction  which  will  strongly  demagnetize  the  main  field,  which,  as  we 
have  just  seen,  is  weak  to  begin  with.  The  value  of  the  voltage  actually 
generated  when  the  armature  is  short-circuited  is  therefore  much  less 
than  the  value  AC,  and  the  synchronous  impeda,nce  determined  by  divid- 
ing the  voltage  AC  hy  the  current  BA  is  therefore  larger  than  the  actual 
impedance.  The  regulation  calculated  by  using  the  synchronous  impe- 
dance as  determined  is  therefore  pessimistic,  i.e.,  the  method  gives  higher 
regulation  than  that  actually  obtained  by  test.  The  method  is,  however, 
useful  in  comparing  machines.  If  the  regulation  of  one  machine  is  actually 
known,  another  similar  machine  may  be  compared  with  the  first  by 
determining  their  regulations  by  the  e.m.f.  method. 

To  illustrate  the  method,  let  us  consider  a  100-kv.a.,  1100-volt,  three- 
phase  alternator.     When  the  armature  is  short-circuited  it  requires  a 

field  current  of  25  amperes  to  force  rated  current  | =  =  52.5  amperes 

\1100XV3 

per  line)  through  the  armature.     With  the  short-circuit  removed  and  the 

field  current  still  25  amperes,  the  alternator  generates  420  volts  between 

lines.     The  effective  resistance  of  the  armature  is  0.3  ohm  between  lines. 

Not  knowing  whether  the  machine  is  Y-  or  A-connected,  let  us  assume 

the  former;  either  assumption  will  give  the  same  regulation.     The  open- 

420 
circuit  voltage  per  phase  is  then  -yr:  =  242  volts,    and   the  synchronous 

impedance  per  phase 

242 
Zs  =  vH-c  =  4 .  62  ohms  per  phase. 
o^ .  o 

0  3 
The  resistance  per  phase  is —-  =  0.15  ohm,  and  the  synchronous  re- 
actance per  phase,  we  find  as 

Xs=V4. 622-0. 152=4.61  ohms  per  phase. 
To  determine  the  regulation  with  a  power  factor  of  0.8(0  =  36.9°),  lay 
off  the  vector  Et  in  Fig.  273a,  equal  to  the  rated  voltage  per  phase, 

— y=r  =  635  volts,  and  the  vector  /  to  represent  the  current  per  phase  at 
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full  load,  lagging  36.9**  behind  E,.  Lay  oflf  the  full-load  IR  drop  per  phase 
tHjual  to  0.3X52.5=16  volts,  and  the  full-load  IX  drop  per  phase  equal 
to  4.61  X52.5  =  242  volts.    The  voltage  generated  at  full  load  is  then 

E,"  V{E,-\-IR  cos  0-f /X  sin  0)2-f(/X  coa<f>- IK  sin  0)2 
=  V(635+ 16X0.8-1- 242X0.6)2-|-(242X0.8- 16X0.6)2 
=  815  volts  per  phase,  or  815X^3  =  1410  volts  between  lines. 


Regulation  = 


1410-1100     310 


1100 


1100 


=  28.2  per  cent. 


Field  Excitation 


r>. — Necessary  curves  in  u.sing  the  A.  I.  E.  K.  methcMl  for  predicting  the  external 
characteristic  of  an  alternator. 


188.  A.  I.  E.  E.  Method. — This  is  the  method  recommended  by  the 
American  Institute  of  Electrical  Engineers;  although  an  empirical  method, 
it  gives  results  for  regulation  that  are  close  to  the  actual,  especially  for 
lagging  power  factors. 

The  saturation  curve  of  the  machine  is  first  determined.  Then  one 
or  more  suitable,  unloaded  synchronous  motors  are  operated  from  the 
alternator  at  voltages  from  about  50  to  150  per  cent  of  the  rated  voltage 


270  THE  ALTERNATING-CURRENT  GENERATOR  [Chap.  VI 

of  the  alternator,  the  synchronous  motors  being  adjusted  at  each  reading 
to  draw  rated  current  from  the  alternator  at  lagging  power  factor  as 
nearly  zero  as  possible.  (An  unloaded  synchronous  motor  with  a  weak 
field  will  draw  a  lagging  current  with  a  very  low  power  factor;  this  will 
be  explained  in  the  chapter  dealing  with  synchronous  motors.)     A  curve 

plotted  between  field  current  and  terminal 
^"""[^'^"^ — ^^^      voltage  of  the  alternator,  with  the  alternator 
carrying  rated  armature  current  at  very  low 
power  factors,  is  called  the  full-load,  zero- 
power  factor  saturation    curve;    this  curve, 
Y      277  —V    t      d-     •        f     together    with    the    open-circuit    saturation 
an    alternator    supplying    a       curve,  is  plotted  in  Fig.  276. 
load  of  low  power  factor.  For  a  field  current    oc   on  open  circuit, 

the  armature  generates  a  voltage  ca;  at  full 
load  and  a  lagging  power  factor  equal  to  zero,  the  terminal  voltage 
falls  to  the  value  cb,  the  drop  in  voltage  being  due  to  the  combined 
effects  of  armature  resistance,  armature  reactance,  and  armature  reaction, 
A  vector  diagram  drawn  for  the  alternator  when  supplying  full-load  cur- 
rent at  a  very  low  power  factor  is  shown  in  Fig.  277;  it  will  be  seen  that 
the  effect  of  IR  drop  on  the  terminal  voltage  is  very  small  and  that  the 
decrease  in  voltage  is  practically  the  synchronous  reactance  drop,  that 
is,  the  reactance  drop  increased  by  the  effect  of  armature  reaction. 

Having  the  saturation  curve  at  no  load,  and  at  full  load  with  zero 
power  factor,  we  next  construct  a  full-load  saturation  curve,  at  the  power 
factor  for  which  the  regulation  of  the  machine  is  desired;  assume  this  to 
be  cos  <^  =  0.8. 

To  calculate  the  full-load  terminal  voltage  of  the  alternator  at  a  power 
factor  of  0.8  when  supplied  with  a  field  current  oc,  we  proceed  as  in  Fig.  278. 
First  lay  off  the  dotted  horizontal  line,  then  an  indefinite  line,6  J',  making 
an  angle  (p  (cos  (/>  =  0.8)  with  the  dotted  line.  From  h'  lay  off  the  distance 
b'e'  equal  to  the  full-load  IR  drop  per  phase  and  erect  a  perpendicular 
at  e'.  With  b'  as  a  center  and  with  a  radius  equal  to  the  voltage  ab  in 
Fig.  276,  locate  the  point  a',  and  with  a'  as  a  center  and  a  radius  equal 
to  the  open-circuit  voltage  ca  in  Fig.  276,  locate  the  point  c'.  The  distance 
c'b'  is  the  desired  full-load  terminal  voltage  per  phase,  with  a  power 
factor,  cos  (^  =  0  8. 

By  drawing  a  line  c'g'  parallel  to  the  dotted  line  through  the  point  c', 
the  significance  of  Fig.  278  becomes  apparent;  the  line  c'g'  indicates  the 
phase  of  the  current,  lagging  (t>°  behind  the  terminal  voltage  c'6';  b'a'  is 
the  full-load  impedance  drop,  and  c'a'  is  the  generated  voltage. 

The  voltage  c'b'  of  Fig.  278  is  now  laid  off  as  cd,  along  ca  in  Fig.  276, 
since  it  is  the  terminal  voltage  (per  phavse)  at  full  load  with  a  field  current 
oc.    By  similar  construction  a  sufficient  number  of  points  of  the  desired 
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fuU-Ioad  saturation  curvo,  at  a  power  factor  cas  <^  =  0.8,  may  f)o  obtained. 
The  curve  iiulicates  that  at  rated  load  and  power  factor  0.8,  the  retjuired 
field  current  to  j^ive  rat^nl  tenninal  voltage  is  oc".  The  regulation  of 
the  »na<'hino  is  tlifti  the  voltMtr"  ""-'"  divided  by  the  rate<l  voltage 
fl"v". 

in  large  alternators,  where  the  resistance  drop  is  relatively  very  small, 
it  may  l)e  neglecttnl;  in  this  case  Fig.  278  api)ears  as  Fig.  279.  If  it  is 
im|K)S8iblc  to  exjx'rimentally  detennine  the  full-load,  zero-power  factor 
saturation  curve,  this  curve  may  also  be  constructed.    The  student  is 


Fio.  278. 


Fici.  279. 


Fia.  278. — Showing  how  to  get  the  terminal  voltage  of  the  alternator,  at  full  load,  for 
any  power  factor.  The  dimcnflioriM  of  the  vectors  used  in  constructing  thi.s  figure 
have  lieen  taken  much  smaller  than  the  values  of  Fig.  276,  from  which  they  were 
obtained. 

Fui.  279. — In  large  alternators  the  resistance  drop  is  generally  very  small  compared  to 
the  syn«'hronous  reactance  drop;  by  neglecting  the  IR  drop  the  diagram  of  Fig.  278 
is  simplified,  as  shown  here. 


referred  to  the  standards  of  the  A.  I.  E.  E.,  which  may  be  found  in  any 
g(K)d  electrical  handbo<ik. 

189.  Short-circuit  Current. — When  an  alternator  generating  voltage 
is  sudilenly  short -circuitetl,  it  will  deliver  for  an  instant  a  current  two  or 
three  times  as  great  as  will  flow  after  conditions  have  Ix^come  constant. 
When  the  short-circuit  is  first  applied,  only  the  resistance  and  inherent, 
or  tnie,  reactance  of  the  anuature  winding  limit  the  current,  as  it  takes  an 
appreciable  period  of  time  for  the  increased  armature  reaction  to  weaken 
the  field.  The  highest  value  of  the  short-circuit  current,  for  a  given  field 
excitation,  is  called  the  inxtanlaneous,  or  momentary  short-circuU  current, 
and  as  this  may  reach  such  dangerously  high  values  as  to  cause  tlamage 


272 


THE  ALTERNATING-CURRENT  GENERATOR 


[Chap.  VI 


to  the  windings,  circuit-breakers,  etc.,  it  is  customary  to  put  reactors  in 
series  with  the  alternator  leads,  between  the  machine  and  the  switch- 
board. 

Current-limiting  reactors  consist  usually  of  turns  of  heavy  copper 
cable  or  strap,  set  in  concrete  (Fig.  280),  and  may  produce  a  reactance 
drop  as  high  as  20  per  cent  of  the  rated  alternator  voltage  when 
carrying  rated  alternator  current. 

As  soon  as  armature  reaction  has  weakened  the  field  and  conditions 
have  become  steady,  the  value  of  the  short-circuit  current  is  called  the 


Fig.  280. — A  group  of  reactors  for  limiting  the  short-circuit  current  of  a  three-phase 
alternator.  They  are  made  of  coils  of  copper  cable  held  firmly  in  place  by  concrete 
blocks;  the  three  reactors  are  securely  fastened  to  one  another  by  suitable  insulators. 


steady  or  sustained  short-circuit  current.  The  value  of  the  sustained 
short-circuit  current  may  be  from  three  to  ten  times  (without  series 
reactors)  the  rated  full-load  current,  depending  upon  the  design  of  the 
machine;  ordinarily  it  is  about  five  times  the  rated  full-load  current. 

If  the  synchronous  impedance  of  the  armature  is  known,  the  sustained 
short-circuit  current  can,  of  course,  be  approximately  calculated.  A  certain 
machine  generates  70.4  volts  per  phase  if  it  is  excited  to  give  its  rated 
terminal  voltage,  1 10  volts  between  lines,  when  carrying  full-load  current 
of  50  amperes.  The  synchronous  impedance  per  phase  of  the  annature 
is  measured  and  found  to  be  0.231  ohm.  Now  if  the  external  circuit 
resistance  is  reduced  to  zero  (i.e.,  the  machine  is  short-circuited)   all  of 
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the  Ronoratotl  volta^o  must  U;  used  up  in  overcoming   the  synchronous 
impedance  drop  in  Ihr  (irmature.    So  that  we  may  put 

where  E  is  the  genorate<l  voltage  jwr  phase  and  Z  is  the  sjmchronous 
impedance  per  phase.     We  than  havi 

70.4  =  7X0.231 
from  which 

/  =  305  amperes. 

The    sustained  short-circuit  current  of  this  machine  is,  therefore  slightly 
more  than  six  times  the  full-load,  rated  current. 

190.  Capacity  of  the  Exciter. — The  exciter  for  an  alternator  must  be 
(losigiioii  to  c:irr}-  siiiv\y  the  current  required  under  the  worst  condition, 
i.e.,  overload,  with  a  lagging  current.  Thus  the  exciter  for  the  alternator 
whose  curves  are  given  in  Fig.  272  should  In?  designed  to  carry  the  current 
oS,  although  with  a  nonnal  non-inductivo  full-load  current.  th(»  required 
field  current  is  only  oT. 

191.  The  Voltage  Regulator. — Commercial  loads  always  have  a  lag- 
ging current,  and  so  if  the  excitation  of  an  alternator  were  left  unaltered 
as  the  load  increased,  the  terminal  voltage  would  fall  to  a  considerable 
extent.  It  is  desirable  with  most  pieces  of  apparatus  to  which  power  is 
supplied  (lamps,  motors,  transformers,  etc.),  to  maintain  a  constant 
voltage  at  the  piece  of  apparatus. 

This  necessitates  an  increase  in  the  terminal  voltag(>  of  the  generator 
supplying  the  power,  to  overcome  the  increased  line  drop  with  increased 
load,  but  if  left  to  itself  the  alternator  would  give  a  decrease  in  terminal 
voltage.  Hence  it  is  necessary  either  to  have  the  orerator  vary  the 
alternator  field  current  as  the  load  is  increased  and  decreased,  or  else  to 
have  some  automatic  device  to  regulate  the  alternator  field. 

The  Tirrill  regulator  (named  after  its  inventor)  ser\'es  the  purpose  bj' 
e  mtrolling  a  n'sistance  in  the  field  of  the  exciter  furnishing  the  alternator 
field  current.  A  cut  showing  this  ingenious  device  is  given  in  Fig.  281 
and  a  diagram  of  its  connections  is  given  in  Fig.  282,  by  reference  to  which 
its  action  will  be  described.  A  diagram  of  the  exciter  with  its  field  rheo- 
stat and  its  connection  to  the  alternator  is  given,  to  make  the  operation 
of  the  regulator  easier  to  understand. 

Essentially,  the  regulator  consists  of  three  magnets,  A,  A',  and  F  and 
t  wo  pairs  of  contacts  C,  C  and  E,  E',  which  are  opened  and  closed  by  these 
magnets. 

The  operation  of  the  diflfenmtial  relay  magnet  F  will  first  lie  described. 
Its  winding  consist*  of  two  coils,  H  and  H',  both  of  which  are  excited 
from  the  terminals  of  the  exciter.     One  of  them,  H,  is  excit«d  all  the  time 
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the  exciter  is  running,  while  the  other  H'  is  excited  only  when  the  two 
contact  points  C  and  C  make  connection  with  each  other.  These  two 
coils  are  differentially  wound,  so  that  when  both  of  them  are  excited  there 
is  no  pull  on  the  armature  »S  and  the  relay  contacts  E  and  E'  remain  closed 
by  the  action  of  the  spring  K,  but  when  contacts  C  and  C  are  opened  so 
that  only  coil  H  is  excited  the  solenoid  F  is  magnetized,  the  armature  S  is 
pulled  down,  and  the  contacts  E  and  E'  are  separated. 

The  contacts  E,  E'  are  connected  to  the  field  rheostat  of  the  exciter, 
so  that  when  they  are  together  the  rheostat  is  short-circuited  hut  when  they  are 

apart  the  rheostat  is  in  the  field  circuit  as  it 
is  ordinarily.  Hence,  when  C  and  C  touch 
each  other,  the  exciter  voltage  rises  (due  to 
cutting  out  the  field  rheostat)  and  when 
they  separate  the  exciter  voltage  falls. 
When  the  regulator  is  in  operation,  the 
armature  *S  is  continually  vibrating  (due  to 
actions  described  later)  so  that  the  exciter 
voltage  is  continually  oscillating  above  and 
below  its  proper  normal  value. 

Suppose  now  that    contact   C  remains 

in  a  fixed  position;  we  shall  examine  the 

action  of  the  solenoid  A,  which  is  connected 

across  the  exciter  terminals.     The  plunger, 

P,  is  carried  on  a  lever,  L,  and  is  held  in  its 

highest  position,  when  A  is  not  excited,  bj' 

the  spring  B.     The  magnetic  pull  of  A  is 

about  equal  to  that  of  the  spring  B.     As 

the  exciter  voltage  rises  and  falls  therefore,  the  plunger,  P,  falls  and  rises 

accordingly  and  so  the  contacts  C  and  C  are  correspondingly  opened  and 

closed. 

We  have  seen  that  the  operation  of  the  contacts  E,  E'  is  effected  by 
the  opening  and  closing  of  the  contacts  C,  C.  Hence  the  combined 
action  of  the  relay  magnet  and  exciter  magnet  is  to  maintain  the  exciter 
voltage  constant  (and  hence  maintain  the  generator  field  current  constant). 
For  suppose  (after  the  regulator  has  been  properly  adjusted)  that  the 
exciter  voltage  rises  above  normal.  The  plunger  P  is  pulled  down,  open- 
ing the  contacts  C,  C,  thus  (by  the  action  of  the  relay  magnet)  opening 
the  contacts  E,  E'.  This  inserts  the  rheostat  in  the  exciter  field,  bj'^ 
opening  the  short-circuit  path  in  parallel  with  the  rheostat. 

This  action  will  decrease  the  field  current  of  the  exciter,  and  therefore 
will  decrease  its  voltage.  The  magnetic  pull  on  the  plunger  P  is  thus 
lessened,  and  it  rises  because  of  the  action  of  the  spring  B.  This  closes 
the  contacts  C,  C,  closing  the  contacts  E,  E'  and  so  short-circuiting  the 


Fig.  281. — The  voltage  regulator 
originated  by  Tirrill,  frequent- 
ly called  the  Tirrill  regulator. 
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field  rheostat  once  more.  The  exciter  voltage  again  rises  and  the  process 
is  repeated.  This  action  keeps  the  armature  S  in  continual  vibration  at  a 
rate  of  several  vibrations  per  second. 

Now  consider  the  action  of  the  generator  solenoid  A'.  Its  winding  is 
connect etl  across  the  terminals  of  the  generator  (through  a  pot<?ntial 
transfonuer  for  high-voltage  machines)  and  the  action  of  its  magnetic  pull 
is  to  raise  plunger  P'.  The  plunger  P'  is  suspended  from  a  lever  L'  and 
counterbalanced  to  any  desired  degree  by  the  adjustable  weight  D.  When 
the  regulator  is  in  adjustment  and  the  voltage  of  the  generator  is  normal, 
P'  faii<l  honce  C  which  is  carried  on  the  same  lever  as  P')  occupies  a  cer- 


FiG.  282. — Simplified  circuit  diagram  of  the  Tirrill  regulator;  suitable  condensers  and 
resistances  are  used  across  the  breaks  to  eliminate  sparking. 


tain  mean  position.  Voltage  on  the  alternator  above  normal  will  lift  P' 
above  its  normal  position  and  so  depress  C  below  its  normal  position.  A 
decrease  in  alternator  voltage  will  have  the  opposite  effects. 

But  if  C  is  lowered  it  will  require  less  pull  on  P  to  make  the  contacts 
C\  C  open,  so  they  will  open  on  less  than  normal  exciter  voltage,  and 
when  they  open  the  exciter  voltage  falls  as  explaine<l  before.  But  if  the 
exciter  voltage  falls,  a  corresponding  decrease  in  the  alternator  voltage 
must  occur.  Hence  the  total  action  of  the  regulator  is  to  bring  the  alter- 
nator voltage  back  to  normal  if  it  tends  to  rise;  also  if  the  altematofr 
voltage  falls,  an  increase  in  the  exciter  voltage  (and  hence  in  the  alternator 
voltage)  must  take  place. 
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The  Tirrill  regulator  has  been  so  perfected  that  it  is  possible  by  its  use 
to  maintain  the  voltage  of  an  alternator  constant  to  within  one-quarter  of 
one  per  cent. 

It  is  often  desirable  to  have  the  alternator  voltage  increase  with  the  load 
so  as  to  overcome  the  line  drop  and  give  constant  voltage  at  some  distant 
point  on  the  line.  This  is  easily  done  by  winding  on  A'  another  coil  and 
connecting  it  to  a  current  transformer  in  the  generator  line,  the  connection 
to  be  so  made  that  the  action  of  this  second  winding  is  to  neutralize  the 
other.  By  properly  proportioning  this  second  differential  winding  it  is 
possible  to  obtain  any  degree  of  compounding  desired. 

There  are  several  auxiliary  features  to  the  regulator  which  we  have 
not  considered,  such  as  condensers  across  the  contacts,  reversing  switches 
for  the  contacts,  the  amount  of  resistance  required  in  the  field  rheostat  for 
proper  operation,  etc.  These  may  be  found  in  trade  publications  describ- 
ing the  regulator. 

192.  Alternators  Running  in  Parallel. — Electrical  power  for  a  city  or 
community  can  be  generated  most  efficiently  when  all  the  generators  sup- 
plying the  power  are  located  in  one  central  power  station.  The  cost  of 
electrical  power  may  be  divided  into  several  parts:  coal,  water,  oil, 
station  attendance,  repairs,  line  maintenance,  interest  on 'investment, 
and  various  other  costs  grouped  under  the  title  of  "  overhead  "  charges. 
These  are  made  up  of  office  rent,  salaries  of  clerks,  executive  officers, 
taxes,  etc. 

Practically  all  of  these  charges  may  be  reduced  if  one  power  station, 
instead  of  several,  supplies  all  the  power.  But  one  staff  of  executive 
officers  need  be  employed,  but  one  set  of  books  need  be  kept,  and  but  one 
office  occupied;  the  cost  for  station  attendance  will  not  be  as  great  as  if 
several  stations  were  used,  etc.  Also,  larger  generators  will  be  used  in  the 
larger  station  than  in  the  smaller  ones,  and  we  know  that  large  generators 
have  a  higher  efficiency  than  small  ones. 

The  use  of  electrical  power  is  becoming  so  general  that  for  large  cities 
perhaps  200,000  kw.  of  power  may  be  required  to  supply  all  the  demands, 
A  generator  to  supply  100,000  kw.  has  never  been  built;  the  largest  built 
so  far  has  a  capacity  of  about  50,000  kw.  Hence  to  supply  200,000  kw. 
it  would  require  several  of  these  big  machines  and  they  would  all  he  operated 
in  parallel  on  the  same  hus-hars.  In  some  large  stations,  as  many  as  ten  or 
more  alternators  have  been  installed  to  supply  the  load  and  they  all 
operate  in  parallel. 

193.  Number  and  Capacity  of  Machines.— The  considerations  which 
would  govern  the  selection  of  the  number  and  size  of  machines  for  any 
given  station  are  the  same  as  those  discussed  in  Volume  I  in  the  study  of 
c.c.  machines  operating  in  parallel,  but  they  may  be  reviewed  here.  In 
general  it  is  best  to  have  the  machines  in  a  station  of  the  same  size  and  type, 
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iMH'ausf  only  a  few  spare  parts  imhhI  Ix?  kept  in  stock  for  nmking  repairs. 
Coils  are  likely  to  burn  out  at  any  time  and  a  few  shoukl  always  Ik?  kept 
in  the  station  for  making  quick  repairs  in  case  of  necessity.  If  all  machines 
are  of  the  same  siae  and  type,  only  one  set  of  coils  need  ho  kept  on  hand; 
l)Ut  if  several  siaes  are  installed  in  a  station,  a  proiwrtionally  greater 
numlier  would  have  to  be  kept  in  stock.  Also,  if  the  same  size  machines 
are  installe<l  there  always  exists  the  possibility  of  interchanging  parts 
from  different  machines  if  necessary. 

In  any  ordinary  station  there  should  be,  however,  at  least  one  small- 
.'sized  machine  for  carrying  the  load  during  the  early  hours  of  the  morning 
when  it  is  ver>'  light. 

194.  Parallel  Connection  of  Alternators  always  Used. — Assuming, 
then,  that  there  are  several  alternators  in  a  station  to  be  operatetl  on  the 
same  bus-bars,  the  question  arises  as  to  how  they  shall  be  connected 
together,  in  series  or  parallel.  Practically  all  power  and  lighting  sj'stems 
are  designed  for  operation  at  constant  voltage  irrespective  of  the  load.  If 
the  alternators  were  connectetl  for  series  operation  it  is  evident  that  the 
voltage  on  the  buses  would  vary  directly  with  the  number  of  alternators 
ojx'niting.  ff  for  example  three  machines  were  operating  in  series,  the 
biis-har  voltage  would  Ije  three  times  as  high  as  if  one  only  machine  were 
o{>erating.  Hence  U  is  evident  that  series  connection  of  alternators  would 
not  satisfy  the  requirement  of  constant  voltage.  But  even  if  it  were  all  right 
to  use  the  series  connection  in  so  far  as  the  load  was  concerned,  it  could 
not  easily  be  done  becau.se  allemaiars  operating  in  series  are  in  unstable 
equilibrium,  unless  the  machines  are  mechanically  coupled  together.  If 
the  two  alternators  (not  mechanically  coupled)  are  connected  in  series  to 
a  load,  the  voltage  on  the  load  is  likely  to  continually  vary  from  zero  to 
twice  that  of  one  alternator.  It  is  not  worth  while  to  further  analyze 
this  point  here  as  it  has  no  commercial  importance. 

In  considering  alternators  operating  in  parallel  we  have  three  points 
to  investigate.  What  precautions  are  necessary  in  connecting  an  alter- 
nator to  bus-bars  alroarly  alive?  What  will  happen  if  the  generated 
voltage  of  this  machine  is  made  greater  or  less  than  tlmt  of  the  bus-bars 
to  which  it  is  connected?  (We  emphasize  the  word  generated  because,  of 
course,  the  terminal  voltage  of  the  alternator  cannot  be  made  different 
from  that  of  the  bus-bars  to  which  it  is  connected.)  How  may  the  load 
be  divided  between  the  different  alternators,  as  desired  by  the  operator? 
These  three  points  will  l>e  taken  up  in  the  order  named. 

196.  Synchronizing. — Suppose  several  alternators  are  already  operat- 
ing in  parallel  on  the  same  bas-bars  and  another  alternator  is  to  be  con- 
nected to  these  same  bus-bars;  what  conditions  nmst  lx»  fulhlletl  Ix'fore 
the  switch,  connecting  this  incoming  machine  to  the  bus-bars,  may  be 
closed?    They  may  be  briefly  stated  thus: 
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■  .  '  --      1st.  A  machine  voltage  equal  to  the  voltage  of  the  line  (bus-bars). 
^V    .       2d.  A  frequency  for  the  machine  which  is  practically  the  same  as  that  of 
lO  the  line. 

■^        3d.  The  phase  of  the  machine  voltage  opposite  to  that  of  the  line. 
.  h        r   ,  >,       4th.  A  machine  e.m.f.  wave  form  similar  to  that  of  the  line. 
""       J  The  first  three  conditions  can  be  satisfied  by  various  manipulations 

which  the  operator  can  carry  out,  but  the  fourth  cannot  be  accompUshed 
by  any  variation  of  speed,  field  excitation,  etc.         "trS^ 

The  e.m.f.  wave  form  of  an  alternator  is  fixed  by  the  design  of  the 
machine  and  cannot  be  affected  by  the  operator;  however,  as  practically 
all  modern  machines  give  wave  forms  very  nearly  sinusoidal,  the  fourth 
condition  is  nearly  always  satisfied  to  a  degree  sufficient  for  successful 
parallel  running. 

The  operation  of  manipulating  the  incoming  machine  to  bring  about 
the  first  three  conditions  and  of  closing  the  switch  which  connects  it  to  the 
bus-bars  is  called  synchronizing.  It  is  evidently  easy  for  the  operator  to 
satisfy  the  first  two  requirements;  the  voltage  of  the  incoming  machine 
may  be  varied  by  its  field  rheostat,  and  its  frequency  (depending  directly 
upon  the  speed)  may  be  altered  by  changing  the  speed  of  its  prime  mover. 
To  satisfy  the  third  condition  a  synchronizing  device  may  be  used;  either 
incandescent  lamps,  properly  connected  between  the  machine  and  bus-bars, 
or  a  synchronoscope  (generally  called  a  synchroscope) 
may  be  used. 

196.  The     Synchroscope.  —  The     synchroscope 

is   an    indicating    instrument  having  a   dial    over 

which  a  finger  rotates  or  oscillates.     In  the  better 

type    (illustrated   in   Fig.    283)    the  finger   merely 

oscillates  back  and   forth,   while  the  type  shown 

in   Fig.    284  has    a.  circular   dial    and    the  finger 

Fig.  283.— The  oscillat-     rotates  over  the  complete  circle.     In  the  oscillatory 

ing  synchroscope.         type  the  finger  actually  seems  to  rotate,   instead 

of    oscillating,    because    of    the    peculiar   lighting 

used  behind  the  dial. 

As  described  in  Chapter  V,  in  either  type  there  are  two  independent 
electrical  circuits,  one  of  which  is  connected  to  the  bus-bars  and  the  other 
to  the  incoming  machine.  The  magnetic  fields  set  up  by  these  two  circuits 
so  react  on  one  another  as  to  make  the  needle  either  oscillate  or  rotate; 
a  mark  on  the  dial  shows  the  proper  "synchronizing"  position  for  the 
needle,  and  the  synchronizing  switch  must  not  b6  closed  imtil  the  first 
two  conditions  have  been  satisfied  and  the  synchroscope  needle  points 
to  this  mark. 

197.  Use  of  Lamps  Instead  of  a  Synchroscope. — Figure  285  shows 
how  lamps  may  be  used  on  low-voltage  machines.     If  the  machine  were  a 
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lll>-volt  jiltmijitor,  tlm»c  llQ-volt  lamps  would  Ik?  used;  with  a  220-volt 
alttTimtor,  22<)-voIt  lain|)s  would  Ix;  proper,  or,  of  course,  two  110-voIt 
lamps  in  series  might  be  used  instead  of  each  220-volt  lamp. 


Fio.  284. — The  rotating  synchrosrope. 
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Fia.  285. — Two  mrthod-s  of  connecting  synchronizing  lamps;  in  (a)  the  switch  is  closed 
when  the  lamps  are  dark,  and  in  (b)  when  they  arc  hright. 

In  synchronizing,  either  with  lamps  or  a  synchroscope,  the  incoming 
machino  is  brought   up  to  approximately  its  proper  speed  and  then  its 
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voltage  is  adjusted  until  equal  to  the  bus  voltage.  In  case  a  synchro- 
scope is  used  it  is  then  "plugged  in"  and  it  will  rotate,  in  one  direction  if 
the  incoming  machine  is  slow  and  in  the  opposite  direction  if  it  is  running 
too  fast.  The  number  of  revolutions  per  second  gives  the  difference  in 
frequency  between  the  incoming  machine  and  the  line.     In  case  lamps  are 

used  they  will  flicker,  being 
alternately  bright  and  dark; 
the  number  of  flickers  per  second 
gives  the  difference  in  fre- 
quency of  the  incoming  ma- 
chine and  line. 

198.  The    **  Dark  "     and 
"Bright"      Connections     of 

^      „„„     ^,  ,       .  .      ,  ,  ,  Lamps. — If    the     lamps    are 

Fig.  286. — The  synchronizing  lamps  form  part  of  ^    i     j      •  i  i 

a   closed    circuit,  involving   the    two  alternator    connected  straight  across  the 
armatures  in  series.  switch   blades    (as    shown    by 

the  full  lines  in  Fig.  285a),  the 
proper  time  for  closing  the  synchronizing  switch  is  in  the  middle  of  a  dark 
period,  while  if  they  are  connected  zigzag  across  the  switch  (as  in  the 
dotted  lines  of  Fig.  2856),  the  proper  time  for  closing  the  synchronizing 
switch  is  at  the  center  of  a  bright  period. 

.  The  reason  for  the  flickering  of  the  lamps  may  be  seen  by  reference  to 
Fig.  286.  Machine  A  is  already  supplying  load  and  machine  B  is  to  be 
synchronized  with  it.  The  lamps  form  part  of  a  closed  local  circuit  made 
up  of  the  two  armatures  and  the  lamps  in  series. 

If  the  incoming  alternator  is  running  at  a  higher  frequency  than  the 
bus,  its  voltage  vector  will 
rotate  faster  than  that  of  the 
bus.  Consider  the  vector  rep- 
resenting the  bus  voltage,  Eb, 
as  stationary  (Fig.  287),  and 
the  vector  representing  the 
incoming  machine  voltage, 
Em,  as  rotating  about  it  at  a 
speed  equal  to  the  difference 
in  frequency  of  the  incoming 
machine  and  the  bus-bars. 
When  the  machine  voltage  is 
in  a  position  E'm,  the  result- 
ant voltage  across  the  two 
synchronizing  lamps  ("dark'' 
connection)  is  the  vector  sum  of  E'm  and  Eb,  or  E'r;  as  Em  continues 
to  move  ahead  of  Eb,  the  resultant  Er  decreases.    When  the  machine 


^E 


Fig.  287.— As  one  of  the  alternators  of  Fig.  286 
pulls  ahead  of  the  other,  the  voltage  effective 
in  forcing  current  through  the  lamps,  goes 
through  the  series  of  values  indicated  for  Er 
of  the  figure. 
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voltaRo  E"'u  is  equal  aiul  opposite  to  the  bus  voltage,  the  resultant 
voltage,  E"'n,  is  zero;  at  this  instant  there  is  no  voltage  across  the 
lamps,  so  that  they  are  dark,  and  the  finger  of  the  synchroscope  is 
over  the  proix'r  mark.  If,  at  this  instant,  the  difference  in  the  machine 
and  bus  frequencies  Ls  sufficiently  small,  the  machine  switch  may  be 
closed.  Figure  287  indicates  that  the  locus  of  the  resultant  voltage 
across  the  lamps  is  a  circle  of  radius  equal  to  Eb  =  Eu,  the  center  of  which 
is  at  the  head  of  the  vector  Eb- 

199.  Efifect  of  Phase  Rotation  on  Synchronizing  Lamps. — In  the 
laV)orat()r}-  it  frequently  hapjHMi.s  that  when  two  machines  not  perma- 
nently connected  are  to  be  synchronized,  the  lamps  instead  of  becoming 
simultaneously  bright  and  dark,  so  that  all  are  bright  or  dark  together, 
brighten  and  darken  in  rotation,  at  least  one  of  the  lamps  always  l)eing 
bright.  This  is  due  to  the  fact  that  the  phase  rotation  of  the  two  machines 
is  not  the  same;  thus  if  phases  A,  B,  and  C  of  each  machine  arc  connected 
through  lamps,  and  the  phase  rotation  of  one  machine  is  A,  B,  C,  and 
that  of  the  other  is  A',  C,  B',  the  lamps  will  not  brighten  and  darken 
top;ether.  Evidently  the  voltage  of  the  phases  as  connected  cannot  have 
relatively  the  same  values  at  the  same  instant.  If  the  voltage  of  phase 
.1  were  equal  and  opposite  to  that  of  phase  A',  that  of  phase  B  would  be 
at  its  120°  fiosition,  and  B'  at  its  240**  position;  although  the  instantane- 
ous values  are  numerically  equal,  their  phase  positions  are  such  as  to  pro- 
duce a  resultant  across  the  lamps  joining  the  phases. 

In  stations,  after  an  alternator  has  been  once  properly  installed,  it  will 
always  come  in  with  proper  phase  rotation,  so  that  a  synchroscope,  or 
two  lamps,  placed  across  two  of  the  three  switches  is  suflScient,  but  the 
lx?st  practice  is  to  use  both  a  synchroscope  and  three  lamps.  When  a 
newly  installetl  alternator  is  first  sj'n- 
chronized,  however,  prop>er  precautions 
nmst  \)e  taken  to  insure  its  proper  phase 
rotation  and  connections. 

200.  Lamps  Used  with  High-voltage 
Machines. — When  the  machines  are  of 
high  voltage,  lamps  cannot  be  used 
directly  on  the  line,  but  small  trans- 
formers must  be  used.  If  three  syn- 
chronizing lamps  are  desired,  each  may 
l)e  supplied    from    the  secondary  of  a  Fig.  288.-In8tead  of  using  two  or 

small  transformer,  the  primary  of  which      '"«'«  >*™P-  ^^^^  synchronizing  pur- 

'  r    1  .1  poses,  one  lamp  only  niav  be  used, 

LS  connected  across  one  of  the  switches.       provided  it  is  connected  properly  to 

Figure   288  shows  one  scheme  for      a  tnosformer,  as  shown  here, 
using  one  transformer  and  one  lamp, 
with  a  single-phase  machine.    The  coils  on  the  outside  legs  of  the  trans- 
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former  core  arc  so  connected  that  when  the  two  c.m.fs.  are  in  phase  oppo- 
sition, practically  no  flux  goes  through  the  center  leg,  hence  the  lamp  is 
dark;  and  when  the  two  e.m.fs.  are  180°  out  of  their  proper  phase  relation, 
the  flux  from  both  outside  legs  goes  through  the  center  leg  and  so  the  lamp 
glows. 

201.  Sequence  of  Operations  in  Synchronizing. — To  synchronize  the 
incoming  machine,  then,  the  proper  sequence  of  operations  is  as  follows: 
The  alternator  is  brought  up  to  approximately  its  proper  speed  and  then 
its  excitation  is  put  on  and  the  voltage  is  adjusted  to  approximately  equal 
that  of  the  line;  the  synchronizing  device  is  then  put  in  the  circuit  and  the 
speed  is  again  adjusted  until  the  difference  in  frequency  is  very  small, 
say,  ten  cycles  per  minute  (this  figure  will  vary  with  different  opera- 
tors and  different  machines).  A  final  adjustment  of  the  voltage  is  now 
made  to  bring  it  within  one  or  two  per  cent  of  that  of  the  line  and,  when 
the  synchronizing  device  indicates  the  proper  phase  relation,  the  syn- 
chronizing switch  is  quickly  closed.  If  the  operator  makes  a  bad  "  shot," 
i.e.,  closes  the  switch  either  too  soon  or  too  late,  an  excessive  current  will 
result  in  the  armature  and  the  protective  devices  will  open  and  then 
another  attempt  must  be  made. 

This  discussion  of  synchronizing  holds  good  for  any  synchronous 
machine,  either  alternator,  synchronous  motor,  or  synchronous  converter. 

202.  Circulating  Current. — Immediately  after  the  alternator  has  been 
synchronized,  it  takes  no  load  at  alt;  in  this  respect  it  is  similar  to  a  c.c. 
machine  which  has  just  been  paralleled  with  the  station  bus-bars.  When 
c.c.  machines  are  operating  in  parallel  and  it  is  desired  to  have  one  of  the 
machines  take  more  load,  the  voltage  of  this  generator  is  raised  and  it  will 
increase  its  load  in  proportion  to  the  increase  in  its  generated  voltage. 

If  it  is  desired  to  make  the  incoming  alternator  take  load,  the  natural 
thing  to  do  is  to  increase  its  generated  voltage  by  cutting  out  some  of  the 
field  rheostat,  as  is  done  with  a  c.c.  generator.  But  such  a  procedure  does 
not  make  the  alternator  take  load  at  all;  the  generator  ammeter  indicates  a 
current  increasing  almost  proportionally  to  the  increase  in  excitation, 
but  the  generator  output  wattmeter  gives  scarcely  any  reading. 

Figure  289  shows  the  alternator  connected  to  the  bus-bars  through  its 
ammeter  and  wattmeter  and  switch.  Increasing  the  excitation  increases 
the  reading  of  A  but  does  not  make  W  read  to  any  extent.  Hence  this 
current  indicated  by  A  must  be  a  reactive  current,  90°  out  of  phase  with 
the  terminal  voltage  of  the  generator.  The  reactive  current  circulates 
in  the  local  circuit  between  the  various  armatures  and  does  not  go  into  the 
load  circuit  at  all;  it  is  therefore  called  a  circulating  currenl. 

The  reason  for  this  circulating  current  may  be  seen  by  reference  to 
Figs.  290  and  291.  Let  us  suppose  that  only  two  alternators  in  parallel 
are  supplying  some  power  to  a  load  circuit;  also  that  No.  2  has  just  been 
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LOMI 


Ui 


Bu*  Bars 


synch ronizctl  and  so  is  furnishing  practically  none  of  the  power  to  the  load. 
Consider  one  of  the  local  circiiil.s  as  made  up  of  two  phases  of  each  and  the 
bu»4>ars,  all  in  series  with  each  other.  If  the  voltage  of  No.  2  is  just  the 
same  as  that  of  the  hus-bars  (this  condition  is  ohtainetl  before  synchroniz- 
ing), there  is  no  resultant  voltage  in  the  local  circuit  and  no  current  flows 

around   this   circuit.     The  vector 

diagram  for  this  condition  is  shown 

in  Fig.  291,  where  0E\   gives  the 
pha.se   voltage   of   machine  No.   1 

and    OE2    gives    that   of   machine 

No.  2.     Evidently  the  resultant  of 
these  two  e.m.fs.  is  zero. 

203.  Effect  of  Increasing  or 
Decreasing  the  Voltage. — If  the 
voltage  of  No.  2  is  increased  to 
OE2',  there  is  a  resultant  voltage 
per  phase,  OR',  acting  in  the  local 
circuit.     As  the  armature  circuits 


W-Potjrphaae 
WattOMtar 
A 
V«  Voltmeter 


n 


Fig.  289.  Fio.  290. 

Fig.  289. — If  the  excitation  of  the  alternator  is  increased,  A  will  proportionally  increase 

it.s  reading,  whereas  W  will  show  practically  no  change  in  power  output. 
Fio.  290. — To  show  the  effect  of  increasing  the  field  current  in  Fig.  289,  consider  the 

two  armatures  connected  as  shown  here. 

are  highly  inductive,  the  resultant  phase  voltage,  OR',  will  produce  a  cur- 
rent nearly  90°  behind  it  in  phase,  shown  in  Fig.  291  by  01',  of  magnitude 


0I'  = 


OR' 


phase  impedance  of  both  annatmx^ 
and  lagging  behind  OR',  by  the  angle  6,  where 

reactance  of  both  armatures 


tan  fl= 


resistance  of  both  armatures' 


The  current  01'  is  practically  90**  behind  the  phase  of  OE'2;  hence  it 
does  not  represent  a  load  on  machine  No.  2.  Also  it  is  practically  90° 
ahead  of  OEi,  and  so  does  not  represent  a  load  on  machine  No.  1.     It  is 
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merely  a  reactive  current,  circulating  between  the  two  armatures  and 
representing  no  appreciable  power  in  either  of  them. 

If  the  voltage  of  machine  No.  2  is  decreased  to  0E"2,  the  resultant 
voltage  is  OR''  and  the  current  is  again  reactive,  lagging  nearly  90°  behind 
OR".     It  is  now  opposite  in  phase  to  what  it  was  before,  as  shown  at  01" 

in  Fig.  291 ;  it  now  leads  OE2  and  lags 
behind  OEi.  This  circulating  current 
is  really  a  magnetizing  current  for  one 
machine  and  a  demagnetizing  current 
for  the  other.  When  No.  2  is  over- 
excited (i.e.,  excited  to  give  a  voltage 
,    ,    ,  higher  than  that  generated  by  No.  1) 

/    ^2  ^i  ^2  the  current  OF  tends  to  demagnetize 

No.  2  and  magnetize  No.  1,  while  cur- 
rent 01"  tends  to  magnetize  No.  2  and 
demagnetize  No.  1 

This  circulating  current,  of  course, 
heats  the  armatures  and  so  decreases 

^      ^^^     ^^  ,.  ,  the  safe  carrcnt  which  the  machines 

Fig.  291. — Vector  diagram  of  voltages  ^        •  1    i     ji      1       1     •        •.  1 

of  the  circuit  given  in  Fig.  290.         «^^  ^"^^^^^  ^^  *^^  ^^ad  Circuit  because 

the  total  armature  current  is  made  up 
of  the  vector  sum  of  the  load  current  and  the  circulating  current. 

Summing  up  these  ideas  about  circulating  current,  we  may  say  that 
if  the  voltage  of  one  generator  (operating  in  parallel  with  others)  is  altered 
it  does  not  appreciably  affect  the  load  division  between  the  different  machines, 
but  produces  a  circulating  current  which  unnecessarily  heats  the  armatures 
and  tends  at  the  same  time  to  so  react  on  the  fields  as  to  equalize  the  generated 
voltages  of  all  machines. 

204.  Division  of  Load. — The  next  question  which  arises  is  this:  If  the 
load  division  between  two  alternators  (operating  in  parallel  on  the  same 
bus-bars)  is  not  affected  by  a  variation  of  the  field  excitation,  how  can  the 
load  be  shifted  from  one  machine  to  the  other?  It  may  be  shown  both 
experimentally  and  theoretically  that  if  two  machines  are  sharing  a  load 
equally  and  it  is  desired  to  have  machine  No.  2  take  more  load,  this  can  be 
accomplished  only  by  increasing  the  torque  of  the  steam  engine  {or  turbine) 
driving  machine  No.  2. 

To  analyze  the  question  let  us  suppose  that  two  alternators  are  operat- 
ing in  parallel,  supplying  power  to  some  outside  load  and  that  the  load  is 
equally  divided  between  the  two  machines.  Under  such  conditions  the 
e.m.fs.  of  the  two  machines  are  exactly  opposite  in  phase.  We  further 
assume  that  the  two  e.m.fs.  are  equal,  so  that  there  will  be  no  reactive 
circulating  current  between  the  two  machines.  The  two  e.m.fs.  are  shown 
by  OEx  and  OE2  in  Fig.  292. 
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If  the  prime  mover  of  No.  2  is  given  more  steam  it  will,  of  course,  try 
to  sfH'od  up  generator  No.  2.  But  this  can  occur  for  orUy  a  tsinall  fraction 
of  a  second,  until  No.  2  has  -puUed  slightly  ahead  of  No.  1  in  phase;  the  two 
machines  must  turn  the  same  number  of  n?volutions  per  minute  (same 
numlKT  of  |>ole8  on  both  machines  assumed)  l)ecau8e  they  arc  operating 
i>»  ftynchroni.sm  with  each  other,  so  that  the  increa.so(l  speeti  of  No.  2  can 
only  last  during  that  small  time  while  No.  2  is  pullinj;  ahead  of  No.  1  in 
phase. 

After  No.  2  has  pullo<i  ahead  in  phase,  its  e.m.f.  vector  is  represented 
in  Fig.  292  by  OE'j,  which  is  ahead  of  its  original  phase  by  the  angle  a. 
Now  the  resultant  of  OEi  and  OE'2  is  not  zero,  but  OR.  This  voltage 
acting  in  tho  local  circuit  will  force  a  current  through  the  two  armatures 
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Fio.  292.  Fig.  293. 

292. — If  the  torque  of  tht*  i)riino  mover  of  machine  No.  2  is  increased  (by  giving  it 
more  steam),  alternator  No.  2  will  pull  ahead  of  its  previous  phase,  giving  a  resultant 
current  shown  at  i)l.  This  represents  increased  load  on  the  machine  with  increased 
torque,  thus  taking  load  away  from  the  other  machine. 

293. — Experimentally  determined  curves  showing  how  the  power  which  an  alter- 
nator furnishes  to  the  bus  bars,  increases  with  phase  advance.  For  higher  excita- 
tion smaller  phase  shift  is  required  for  a  given  load  increase. 


and  this  current  is  shown  in  Fig.  292  by  01,  la^ng  behind  OR  by  the 
angle  5,  the  angle  B  being  the  same  as  it  was  in  Fig.  291. 

The  current  01  is  nearly  in  phase  with  OE'2  and  nearly  180"*  out  of 
phase  with  0E\.  The  result  of  this  current  is  to  add  to  the  load  No.  2  was 
already  carrying,  a  load  represented  by  the  current  01,  and  to  decrease  the 
load  No.  1  teas  carrying  by  nearly  the  same  amount. 

The  Load  Varies  Directly  with  the  Phase  Shift.  The  value  of  OR 
(hence  of  01)  depends  upon  the  value  of  the  angle  a  (Fig.  292)  and  this 
angle  depends  upon  the  torque  of  the  prime  mover  of  machine  No.  2. 
To  change  the  load  on  one  of  the  alternators  from  zero  to  full  load  it  is 
only  necessarj'  to  change  a  from  z<»ro  to  about  20**,  and  for  these  small 
values  of  a  it  is  approximately  true  that  the  load  on  the  alternator  is 
directly  proportional  to  the  angle  a.    Ebcperimental  results,  illustrating 


286  THE  ALTERNATING-CURRENT  GENERATOR  [Chap.  VI 

this  point,  are  given  in  Fig.  293.  It  is  shown  there  that  for  a  given  load 
increase  a  somewhat  smaller  change  in  a  is  required  when  the  generator 
is  over-excited  than  when  it  is  under-excited. 

The  electrical  operator  in  a  large  power  plant  generally  has  control  of 
the  steam  supply  to  the  various  prime  movers  so  that  he  can,  by  variation 
of  the  supply,  shift  the  load  from  one  alternator  to  another  as  he 
desires. 

205.  Synchronizing  Power. — It  sometimes  happens  that  two  alter- 
nators will  not  operate  satisfactorily  in  parallel.  The  division  of  load  is 
not  constant;  the  load  shifts  quickly  from  one  machine  to  the  other  and 
back  again  by  reason  of  periodic  fluctuations  of  the  angle  a  in  Fig.  292, 
so-called  "  hunting.^'  The  excessive  current  between  the  two  machines,  as 
the  load  shifts  from  one  to  the  other,  may  be  sufficient  to  open  the  circuit- 
breakers  and  so  throw  the  two  machines  out  of  step.  Such  machines 
are  said  to  have  a  low  synchronizing  -power,  whereas  machines  which 
operate  smoothly,  maintaining  a  fairly  uniform  division  of  load,  are  said 
to  have  a  high  synchronizing  power. 

PROBLEMS 

1.  A  two-pole,  single-phase  alternator  has  24  full-pitch  coils  equally  spaced 
on  its  armature.  Each  coil  generates  a  maximum  voltage  of  65  volts.  What  will 
be  the  effective  voltage  rating  of  the  generator,  if  the  coils  are  properly  connected 
for  a  single-circuit  winding?  A  two-circuit  winding?  If  each  coil  can  safely 
carry  10  amperes,  what  is  the  current  rating  and  kv.a.  rating  for  each  connection? 

2.  If  the  winding  of  Prob.  1  is  connected  for  a  two-phase  winding  (independent 
circuits)  with  two  groups  of  coils  per  phase,  what  will  be  the  voltage,  current,  and 
kv.a.,  rating?     If  connected  for  a  two-phase  mesh  winding? 

3.  If  the  winding  of  Prob.  1  is  properly  arranged  for  a  Y-connected,  three- 
phase  scheme  (one  group  of  coils  per  phase),  what  will  be  the  voltage,  current, 
and  kv.a.,  rating?  What  if  connected  Y,  with  two  groups  of  coils  per  phase? 
Answer  the  same  questions  if  the  winding  is  arranged  for  the  delta  connection. 

4.  Determine  the  frequency  in  cycles  per  second  given  by  a  ten-pole  alter- 
nator turning  720  r.p.m.  If  a  generator  is  to  be  direct  connected  to  a  reciprocating 
engine  turning  90  r.p.m.,  how  many  poles  must  it  have  to  deliver  60-cycle  current? 
How  many  poles  must  an  alternator  have  to  generate  25-cycle  current  when  driven 
by  a  turbine  running  750  r.p.m.? 

6.  A  single-phase  alternator  rated  at  150  kv.a.  delivers  75  kw.  of  power  to  an 
induction  motor  load  of  0.8  power  factor.  How  many  GO-watt  lamps  can  be  sup- 
plied in  addition  before  the  machine  is  loaded  up  to  its  rating? 

6.  Lay  out  (on  cross-section  paper)  the  winding  of  Prob.  1,  and  construct 
the  armature  m.m.f.  curve  of  the  winding  when  carrying  10  amperes  load. 

7.  Do  the  same  thing  for  the  winding  connected  two-pliasc,  carrying  the  same 
current. 

8.  Construct    the   same   diagram   for   the   winding   connected   tlircc-phase. 
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C'hcck  (from  the  diagrams)  the  relative  nmximum  values  of  armature  m.m.fs.  for 
the  tliroe  wimltngs,  with  the  relative  values  given  in  the  text. 

9.  A  three-phttiie  generator  is  loaded  with  150  kw.  per  phase  of  the  load,  at 
cos  ^-0.70.  How  many  kv.a.  is  it  delivering?  If  the  line  voltage  is  2200,  what 
Is  the  current  per  line? 

10.  A  125-volt,  250-kv.a.,  delta-connected  alternator  is  reconnected  in  Y. 
What  will  be  the  new  rating  in  volts,  amperes,  and  kv.a.? 

IL  On  sliort  circuit  a  certain  60-cycle,  2200-volt,  450-kv.a.  alternator  requires 
3.'>  amfjeres  field  current  to  give  a  line  current  of  200  amperes.  The  magnetization 
curve  shows  a  generated  voltage  between  lines  of  1140  volts  with  25  amperes  field 
current.  What  is  the  sjiichronous  impedance  per  phase,  if  Y-connected  and  if 
A-connected?  If  the  resistance  per  phase  is  0.3  ohm,  what  is  the  reactance  per 
pha.se.  for  the  two  cases? 

12.  A  single-jAase,  60-cycle  generator  has  an  armature  resistance  of  0.3  ohm 
and  self-inductance  of  0.007  henr>'.  The  terminal  voltage  at  full  load  of  30  amperes, 
is  220  volts.  What  will  be  the  no-load  voltage  if  the  load  is  non-inductive?  I>ead- 
ing  with  cos  ^»0.8?  Lagging  with  cos  ^=0.7?  If  the  generated  voltage  is 
adjusted  for  220  volts  and  the  machine  is  short-circuited,  what  will  be  the 
current? 

13.  Three  generators,  one  single-phase,  one  two-phase,  and  one  three-phase, 
are  each  rated  100  amperes  and  250  volts.     What  is  the  proper  kv.a.  rating  of  each? 

14.  A  Y-connected  alternator,  the  open-circuit  voltage  of  which  is  8600  volts 
l)etween  wres,  is  short-circuited  and  in  each  line  there  flows  a  current  of  250 
aiii|)ercs.  The  resistance  per  phase  is  0.3  of  the  reactance  per  phase.  What 
Ls  the  impedance,  resistance,  and  reactance  of  one  phase? 

16.  A  A-connectcd  alternator  supplies  a  A-connected,  resistive  load,  each  phase 
of  the  load  al>sorbing  50  kw.  at  1 100  volts.  What  is  the  Une  current?  If  the  alter- 
nator Is  reconnected  in  Y,  what  power  will  it  supply  to  the  load,  the  speed  and 
excitation  of  the  alternator  l)eing  the  same  as  lx?fore? 

16.  The  magnetization  cur>'e  of  a  800-kv.a.,  4400-volt,  Y-connected  alternator 
is  given  as  follows: 


Field  amp.-tums.  . . !  2,000 
Generated  volts  per 


pha.sc. 


960 


4,000 
1,900 


6,000 
2,600 


8,000!  10,000 


2,950 


3,160 


12,000 
3,340 


14,000 
3,640 


16,000 
3,500 


18,000 
3,620 


On  short-circuit,  rated  current  is  obtained  when  the  field  ampere-turns  are 
3400.    The  resistance  per  phase  Ls  0.29  ohm. 

By  the  A.I.K.E.  method,  and  by  the  e.m.f.  method,  determine  the  regulation 
for  loads  of  unity  power  factor  and  of  0.7  power  factor  (lag). 

17.  Two  tiO-cycle,  single-phase  altcniators  are  in  parallel  on  the  same  bus- 
bars; the  first  has  an  armature  of  0.1  ohm  resistance  and  0.001  henry  inductance, 
the  other.  0.15  ohm  resistance  and  O.OOOS  henry  inductance.  The  generated  volt- 
ages being  exactly  opposite  to  one  another,  one  is  adjusted  for  145  volts  (gen- 
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erated)  and  the  other  for  110  volts  (generated).     What  is  the  current  flowing 
between  the  two  machines,  and  what  is  the  bus  voltage? 

18.  The  two  machines  of  Prob.  17  are  each  adjusted  to  generate  125  volts  and 
machine  No.  2  is  pulled  ahead  of  No.  1  by  25°  (electrical)  by  giving  its  prime  mover 
more  steam.  What  change  in  load  (in  amperes  and  kw.)  does  this  bring  about  for 
each  machine? 


CHAPTER  VII 


THE  TRANSFORMER 


206.  F*rinciplcs  Involved. — A  transformer  is  a  piece  of  stationary- 
apparatus  by  means  of  which  a.c.  power  may  be  changed  from  one  voltage 
to  another.  It  consists  essentially  of  a  closed  magnetic  circuit  (made  of 
laminated  iron  and  called  the  core)  on  which  arc  placed  two  coils  of  insu- 
lated wire,  the  two  coils  being  entirely  separate  and  insulated  from  one 
another.  (This  later  qualification  will  be  modified  when  a  special  type 
called  the  aiUotransfonner  is  discussed.)  The  two  coils  generally  have  a 
widely  different  number  of  turns;  a  certain  transformer,  for  instance,  has 
93  turns  in  one  coil  and  1800  in  the  other. 

One  of  the  coils  (calkHl  the  yrittmry)  is  connected  to  an  a.c.  line  of 
suitable  voltage;  the  ciirroiit  which  flows  in  it  (the  other  coil  iM'ing  open- 
ciFcuit^HJ)  ser\(y  to  imtgiietize  the  iron  core  ant!  is  called  the  excifituj  cur- 
fenl.  The  magnetic  flux  through  the  core  will  evidently  Ik*  an  alternating 
one,  l>eing  in  one  direction  with  p<»sitive  <Mirrent  and  in  the  reverse  direc- 
tion when  the  current  has  re- 
versetl;  hence  any  turn  of  win^ 
surrounding  the  core  will  have  an 
e.m.f.  induced  in  it  because  of 
this  varying  flux. 

The  second  coil    (the  one  to 


which 
calCT 


power    is    not    sunpli<Ml 


the    secotular.u)     is     also 


wound  on  the  core  antl  therefore 
will  have  an  e.m.f.  induced  in  it. 
I^mps,  motors,  etc.,  may  be  con- 
nected to  this  secondary  coil  and 
will  be  supplied  with  power  just 
as  well  as  though  they  were  con- 
nected to  the  line  which  is  feed- 
ing power  to  the  primary  coil. 
The  terms  "  high-tension  coil  "  and  "  low-tension  coil  "  are  often  used 
instead  of  the  tenns  "  primary  coil  "  and  "  secondary  coil '';  evidently 
the  terms  "  high-tension  "  and  "  low-tension  "  coil  may  designate  either 
the  primary  or  secondary  coil,  respectively. 
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Fig.  2di. — An  elementary  representation  of  a 
transformer;  the  current  in  the  coil  B  pro- 
duces an  alternating  flux  in  the  laminated 
core  A-A  and  this  produces  an  e.m.f.  in 
oofl  C.  Lamps,  etc.,  connected  to  coil  C  will 
be  supplied  with  power  which  comes  from  the 
line  to  which  coil  B  is  connected. 
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The  power  input  to  the  primary  depends  directly  upon  the  amount  of 
power  being  supplied  by  the  secondary.  It  is  not  at  once  evident  how  the 
power  gets  from  the  primary  to  the  secondary  and  we  shall  first  consider 
that  point. 

207.  Equation  of  the  Transformer. — Figure  294  represents  an  ele- 
mentary transformer,  having  a  laminated,  closed  magnetic  circuit,  core, 
A,  a  primary  coil,  B,  and  a  secondary  coil,  C. 

Let  /i  =  the  primary  current; 

/2  =  the  secondary  current; 
iVi  =  the  number  of  turns  in  the  primary  coil; 
A^2  =  the  number  of  turns  in  the  secondary  coil; 
^i=the  resistance  of  the  primary  coil; 
7^2  ==  the  resistance  of  the  secondary  coil; 
eiandiJi=the    primary    impressed    voltage    (instantaneous   and 
effective) ; 
^  =  the  magnetic  flux  in  the  core  at  any  time. 

As  the  impressed  e.m.f.  of  the  primary  must  be  balanced  by  the  react- 
ing forces  in  the  primary  coil,  we  may  write  (for  an  open-circuited  second- 
ary) , 

ei  =  i2izi+iViX (the  rate  of  change  of  flux).       .     .     .     (117) 
where 

^izi=the  resistance  reaction; 

Ni  X  (the  rate  of  change  of  flux)  =  e'l  =  the  back  e.m.f.  of  self-induction. 

In  ordinary  transformers  the  term  Riii  is  very  small  compared  with 
A'^i  X(the  rate  of  change  of  flux),  so  that  we  may  neglect  it  without  intro- 
ducing an  appreciable  error.     We  may  therefore  write 

ei  =iViX  (rate  of  change  of  flux)  =  e'l,    ....     (118) 

r.  ,:■  ■    ■ ,  '  '•  •     .f  V.,:  .-),' 

or,  in  effective  values,  "*"  ♦^  "  - 

E  =  2TfNi<f>^=E\ (119) 

where  E    is  the  voltage  impressed  on  the  primary; 

and      E'l  is  the  back  e.m.f.  of  self-induction  in  the  primary. 

From  this  equation  we  see  that  there  must  always  be  a  certain  flux 
(effective)  through  the  core  in  order  to  balance  the  e.m.f.  impressed  on 
the  primary;  this  flux  must  exist  in  spite  of  any  demagnetizing  action  the 
secondary  current  may  produce. 

208.  Increase  in  Primary  Current  to  Balance  the  Demagnetizing 
Effect  of  a  Secondary  Current. — For  a  secondary  current  equal  to  zero 
there  exists  a  small  magnetizing  current  in  the  primary;   if  some  load  ip 


RATIO  OF  CURRENTS  AND  VOLTAGES  291 

put  on  the  secondary  so  that  its  current  is  some  value  I2,  the  secondary 
coil  will  prmhicc  a  demafi^etizing  action  on  the  core  equal  to  0.4irNzl2. 
But  the  prinittr>-  curront  must  always  he  sufficient  to  produce  in  the  core 
tlie  flux  4>tff,  hence  when  the  secondary  current  increases,  the  primary  coil 
automatically  draws  from  the  line  an  increased  current.  This  increate 
in  primary  current  will  be  just  sufficient  to  overcome  the  demagnetizing  action 
the  serondan/  current  has  produced. 

209.  Ratio  of  Currents  and  Voltages. — We  may,  therefore,  put 

0.4TiViri=0.4TiV2/2, (120) 

where  I'l  is  the  increase  in  /i  to  overcome  the  demapietizing  effect  of  l2- 
But  a.s  the  magnetizing  current  of  a  transformer  is  very  small  compared 
to  its  full-load  current  (generally  about  5  per  cent),  we  may  put,  without 
much  error, 

0.4TiV,/l=0.4Ti^2/2, (121) 

or 

NJi^Nilo, (122) 

which  gives  the  approximate  fundamental  relation  between  the  currents 
in  the  primary  and  secondary.  This  may  be  stated  in  words  thus:  The 
primary  ampere-turns  are  always  just  equal  to  the  secondary  ampere-turns 
{the  magnetizing  current  being  neglected). 

If  all  the  flux  which  the  primary  produces  threads  the  secondary  coil 
(and  this  is  approximately  true),  the  volts  generated  per  turn  will  be  the 
same  in  each  winding.     If  we  call  this  voltage  e,  we  must  have 

E2=N2e (123) 

and 

Ei=Nie (124) 

Eq.  (124)  is  true  lx?causc  the  right-hand  memlx^r  is  the  counter 
e.m.f.  of  self-induction  and  this  must  l)e  etjual  to  the  impressed  e.m.f. 
(approximately). 

Substituting  Eqs.  (123)  and  (124)  in  Eq.  (122),  we  have 

EiIi^E2l2 (125) 

This  is  the  approximate  equation  for  apparent  power  in  the  two  coils. 
Also  from  Eqs.  (123)  and  (124)  we  get  the  relation 

Ei/E2=Ni/N2, (126) 

which  is  the  fundamental  voltage  relation  of  the  transformer.  Expressed  in 
words  this  relation  is:  The  primary  voltage  lx»ars  the  same  relation  to  the 
secondary  voltage  as  the  numl)er  of  turns  in  the  primary  coil  bears  to  the 
number  of  turns  in  the  secondary  coil.    Of  course,  from  Eq.  (125)  it  is  seen 
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that  any  change  in  voltage  brought  about  by  the  transformer  must  be 
accompanied  by  a  change  in  current  in  the  opposite  sense. 
Eq.  (126)  may  also  be  written 

N2 
E2  =  EiXTr (127) 


Ei=E2Xirf^     and 

i\  2 


Ni- 


Eqs.  (122),  (125),  and  (126)  give  only  the  approximate  relations 
of  the  transformer  quantities;  the  derivation  of  the  exact  relations  requires 
us  to  consider  the  loss  due  to  hysteresis  and  eddy  currents  in  the  core,  the 
PR  losses  in  the  windings,  and  the  magnetic  leakage. 

210.  No-load  Vector  Diagram  of  a  Transformer. — When  voltage  is 
applied  to  the  primary  of  a  transformer,  the  imnresspd  voltage  is  balanced 
almost  completely  bv  the  bnck  o.m.f.  of  self-induc- 
tion, which  is  equal  to  the  nrndurt  of  primary  t,iirn,s 
and  the  rate  of  change  of  the  flux.  The  flux,  being 
common  to  both  primary^  and  sccondarv\  is  chosen 
>^  as  the  reference  vector;    it  is  shown  in  Fig.  295 

^  To   set   up  the   flux   the  primary  must  draw  a 

^       magnettzind  current,  1m,  wtucti  is  in  nha,se  with   the 

'        X       flux;  the  circuit  peing  almost  purely  inductive  (dis- 
ff/wy)    regarding  the  iron  losses,  to  be  discussed  later),  this 
gxidt^a,  '^i*i*5<.tl'ij,i^,  current  must  lag  90°  behind  th^  imprpssorl  ynU- 

Vf'f'       T^2  Cm^+'-t     age,  Ei. 

The  Eack  e.m.f.  of  self-induction,  E'\,  as  well  as 

the  induced   voltage   of   the   secondary,    E2,  both 

being   induced  by  the  rate  of  change  of  the    flux, 

Fig.   295.-At   no  load  ^^^^  ^^^^^i  lie  90°  behind  the  flux;   E'l  and  Eo  must 

the  primary  coil  draws  „, 

a  small  current  which  |hus  be  in  phase,  and  it  follows  that  -^  must  be 


is  nearly   90°  behind 

the    line    voltage;    it  E2 

may  be  divided  into   ^qual  to  ^ 

an  active  and  a  reac-   gj^„  +„  ^/ 

tive    component,    the 

latter  being  called  the 

magnetizing  current. 


E\  must  therefore  be  equal  and  oppo- 


211.  Iron  Losses. — The  alternating  flux  set  up 
by  the  primary  causes  both  hysteresis  and  eddy- 
current  losses  in  the  iron  core,  and  as  these  losses 
represent  energy,  there  must  be  a  power  component  of  current  in  the 
primary  to  supply  them.  This  energy,  or  iron-loss,  component  of  primary 
current  is  represented  by  the  vector  01  u  (so  designated  because  the  hystere- 
sis losses  are  always  the  predominating  ones),  in  phase  with  the  primary 
impressed  voltage. 

The  vector  sum  of  the  magnetizing  and  iron-loss  components  is  then 
the  exciting  current,  Is,  the  current  taken  from   tho.  sii»n]v  when  the. 
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s<-c()i»(lary 
sma 


is  oiK'n.    In  well-designed  transformers  the  iron  loss  is  made 


rt)r  reasons  to  be  seen  later,  although  the  exciting  current  may  be 
5  \\cr  cent  of  the  rated  primary'  current;  the  no-loati  power  factor  of  the 
f,  >M>:f<.rt,.,.r  tjw.  <v>sinc  of  the  angle  4>,  is  therefore  small,  generally  al>out 


212.  Elementary^ Vector  Diagram  of  a  Loaded  Transformei 
the  secondary  of  a  traR§for?n?^Tm)nnecte(l  to  a  load, 
iM'ing  urged  by  the  induced  voltage  of 
the  secondary'.  The  angle  by  which 
the  secondary  current  will  lead  or  lag 
the  secondary  voltage  will  depend  prac- 
tically upon  the  resistance  and  react- 
ance of  the  load.  In  Fig.  296  the 
secondary  current,  1 2,  is  represented  as 
lagging  by  an  angle  </>2  behind  the  sec- 
omlar>'  voltage,  Eo. 

Since  the  back  e.m.f.  of  the  primar\'  is 
op|X)site  to  the  primary  impressed  voltage, 
and  since  the  primary  back  e.m.f.  and 
the  secondary'  induced  voltage  are  in 
phase,  it  follows  that  the  secondary  volt- 
age is  opposite  in  direction  at  every 
instant  to  the  primary  impressed  e.m.f. 
The  flu.x  set  up  by  the  primary  must 
remain  constant,  as  its  first  function  is  to 
balance,  by  its  rate  of  change,  the 
primary  impressed  voltage.  The  sec- 
ondary current,  I2,  flowing  through  the 
secondary  turns,  will  give  a  certain  num- 
ber of  ampere-turns  which  would  affect 
the  magnetic  flux  in  the  core  if  no 
counter  action  of  the  primary  coil  were 
brought  into  play. 

The  magnetic  flux  in  the  core,  as  stated  above,  must  remain  constant 
and  equal  to  what  it  was  before  secondary  load  was  added,  so  that  what- 
ever ampere-turns  are  set  up  by  the  secondary  must  be  neutralized  by  an 
equal  number  of  ampere-turns  in  the  primary.  This  requires  a  current  /'i 
in  the  priman',  in  a^ldition  to  the  exciting  current.  Is,  which  was  flowing 
l)efore  the  secondare'  current  was  supplied.  This  primary  current,  /'i,  to 
completely  neutralize  the  ampere-turns  of  the  secondare',  must  be  180** 
from  the  secondary  current,  and  must  be  of  such  value  that  iVi/'i  =  A'^2/2. 
The  vector  sum  of  the  load  component  of  primary  ciurent,  /'i,  and  the 
lyrlflni'  iiMTonf    r..  will  be  the  primary  current,  I\. 


Fio.  296. — When  the  8econdar>'  coil 
is  caiT>-ing  current,  the  primary 
coil  current  is  increased  by  a  cur- 
rent just  opposite  in  phase  to  the 
secondarj-  current,  and  fixed  in 
ma(^itude  by  the  turn  ratio  of 
the  transformer. 
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The  elementary  vector  diagram  considered  above  does  not  take  into 
account  all  the  factors  involved  when  a  transformer  is  loaded.  Before 
taking  up  the  actual  vector  diagram,  we  shall  first  take  up  the  construc- 
tion of  the  transformer. 

213.  Commercial  Importance  of  the  Transformer. — From  the  previous 
simple  analysis  it  is  seen  that,  by  means  of  a  transformer,  a.c.  power  may 
be  changed  from  one  voltage  to  another;  if  the  secondary  coil  has  more 
turns  than  the  primary,  the  voltage  will  be  raised  (i.e.,  "  stepped  up  "); 
and  if  the  secondary  coil  has  fewer  turns,  the  voltage  will  be  lowered 
("stepped  down").  Some  of  the  greatest  power  developments  to-day 
are  hydro-electric  (using  water  turbines  for  prime  movers);  in  such 
cases  the  power  station  must  be  situated  close  to  the  falls  from  which  the 
power  is  taken.  As  the  place  where  the  electric  power  is  consumed  may 
be  a  hundred  miles  or  more  distant,  a  long-distance  transmission  line  is 
necessary  to  carry  the  power  to  the  place  of  consumption. 


Motors 

tail  Step  Down 

(anmrj  Transformer 
! 


Lamps 


Transmission 


Lamps 


L«J  step  Down  ^t^"""  P"^" 

(m   Transformer  f<»  Transformer 

Lamps 

Fig.  297. — Showing  how  the  transformer  fits  into  an  electrical  transmission  and  dis- 
tribution system. 

214.  Long-distance  Transmission  Requires  a  High  Voltage. — It  is 
commercially  impossible  to  carry  electric  power  any  great  distance  unless 
high  voltage  is  used,  because  of  the  high  PR  losses  in  the  line,  or  else  the 
heavy  investment  for  the  copper  wires.  An  approximate  rule  for  the 
voltage  of  ordinary  transmission  lines  is  from  500  to  1000  volts  per  mile 
length  of  the  line.  A  line  150  miles  long  might  be  run  at  80,000  volts  or 
100,000  volts,  although  special  conditions  may  cause  departure  from  this 
rule. 

216.  Location  of  Transformer  in  a  Power-transmission  System.— 
These  high  voltages  cannot  be  generated  directly  in  an  alternator,  neither 
can  the  power  be  supplied  to  the  consumer  at  such  a  high  voltage,  hence 
the  problem  the  electrical  engineer  has  to  face  is  this :  The  power  may  be 
generated  at  medium  voltage  (2300-13,000  volts),  must  be  transmit t(Ml 
at  high  voltage  (perhaps  50,000-200,000  volts),  and  must  bo  suii]>li<Ml  1o 
the  customer  at  low  voltage  (110-440  volts).  The  transfoniKM-  r;iis(>s  or 
lowers  the  voltages  where  required;  without  the  liaitstonurr,  the 
successful  development  of  a.c.  transmission  systems  would  haw  Ixtni 
impossible. 
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Figiirp  297  shows  how  tlie  traiisfonncr  forms  links  in  a  transmission 
and  distribution  system.  For  railway  substations  the  voltage  is  changed, 
in  one  step,  from  the  line  voltage  t<)  that  recjuired  in  the  sub-station;  for 
lighting  work  the  high  voltage  of  the  transmission  line  is  generally  stepped 


Fio.  298. — Lighting  transformer  of  about  5  kv.a.  capacity,  mounted  on  a  pole.  The 
2300-volt  winw  on  the  upper  cnisa-arm  enter  the  back  side  of  the  transformer 
(through  suitable  fuses)  and  the  UO-220-volt  wires  come  out  of  the  front  of  the 
transformer  case. 

down  by  a  few  large  transformers  to  2300  volts,  and  is  then  distributed 
throughout  the  city  at  2300  volts  to  small  transfonners  located  on  the 
poles,  which  step  it  down  again  to  1 10  volts  or  220  volts. 

Each  of  these  small  transformers  (generally  of  less  than   15  kv.a. 
capacity >  supplies  perhaps  twenty-five  to  fifty  customers.     Figure  298 
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shows  one  of  these  small  transformers  located  on  a  pole,  just  under  the 
cross  arms;  in  the  cut  only  the  outside  containing  case  of  sheet  iron  can 
be  seen,  because  the  coils  and  core  are  always  put  inside  cases  to  protect 
them  from  moisture,  dirt,  mechanical  injury,  etc.  The  small  wires  going 
into  the  case  at  the  back  (next  the  cross  arms)  are  the  2300-volt  wires  and 
the  larger  wires  coming  from  the  front  are  the  220-volt  wires  which  con- 
nect directly  to  the  lighting  wires  in  the  customer's  house. 

216.  Construction. — In  actual  construction  the  ordinary  transformer 


Fig.  299.  Fig.  300. 

Fig.  299. — The  core-type  transformer  somewhat  resembles  in  form  the  elementary  type 
shown  in  Fig.  294.  Primary  and  secondary  coils  are  placed  on  both  legs  of  the 
core. 

Fig.  300. — The  shell  type  of  transformer,  showing  how  the  coils  are  completely  sur- 
rounded by  the  laminated  iron  core. 


does  not  closely  resemble  that  given  in  Fig.  294.  The  cores  can  be  most 
economically  built  up  of  rectangular,  instead  of  circular,  sheets,  and  the 
two  coils  are  always  placed  as  closely  together  as  possible. 

Two  types  of  transformers  have  been  developed  in  which  both  of  these 
ideas  are  incorporated;  they  are  the  core  type  and  the  shell  type.  In  both 
these  types  the  cores  are  built  up  of  thin  sheets  of  iron,  generally  rect- 
angiilar  in  shape,  and  the  primary  antl  secondary  coils  are  placed  in  very 
intimate  relation  with  one  another. 

The  core  type  somewhat  resembles  the  elementary  transformer  type 
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shown  in  Fig.  204;  however  the  shaiw  of  the  core  is  rectangular  (its  cross- 
s<'<'lioti  is  nearly  s<iuare)  and  tin*  two  roils  are  placet!  one  over  the  other 


Fi<;.  301. — .\n  u^ssrinhlv  of  mjUs  for  a  8hell-t)rpe  transformer;  the  low  voltage  winding  is 
in  two  parts  in  this  transformer. 


Fia.  302. — Large  transformos  genenDy  have  their  coils  built  up  of  panoake-Iike  seo- 
ttoDS,  the  sectionB  ci  the  primary  and  secondary  coils  being  well  interqiened. 


as  close  together  as  poesiblc.     E^h  coil  is  divided  into  two  sections,  the 
two  sections  being  placed  on  opposite  legs  of  the  cqrc.     Figure  299  shows 
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a  view  of  an  assembled  core-type  transformer  ready  to  be  placed  in  its 
containing  case.  Space  is  left  between  the  two  coils  so  that  oil  for  cooling 
purposes  may  circulate  through  the  windings. 

The  shell-type  transformer  is  shown  in  Fig.  300.  The  coils  of  the  core 
type  are  generally  cylindrical  in  form,  but  in  the  shell  type  they  form  a 
rectangular  structure  (as  shown  in  Fig.  301)  similar  in  form  to  the  core  of 


Fig.  303. — A  cross-section  through  the  windings  of  a  shell-type  transformer;  the 
assembled  coil  structure  is  thoroughly  impregnuted  with  insulating  compound 
before  the  transformer  is  assembled. 

the  core  type,  and  the  laminations  (sheets  of  which  the  core  is  made)  are 
built  up  around  two  legs  of  the  assembled  coils. 

217.  Lamination  of  Coils. — In  order  that  the  primary  and  secondary 
coils  may  be  placed  close  together,  they  may  be  built  up  in  thin  sections 
(called  "  pancake  "  coils)  and  the  sections  of  the  two  coils  are  sandwiched 

together,  first  a  thin  section  of  the 
primary,  then  one  of  the  secondary, 
etc.  One  of  these  thin  sections  is 
shown  in  Fig.  302.  In  Fig.  304  is 
shown  a  cross-section  of  the  assem- 
bled coils  showing  how  the  sections 
are  interspersed;  there  may  be  a 
dozen  or  more  of  these  sections  in 
a  large  transformer.  Figiu'e  303 
shows  another  method  of  winding 
shell-type  transformers;  here  pan- 
cake coils  are  not  used  but  the 
two  coils  are  placed  intimately 
together  by  having  the  low-tension 
coil  built  in  two  parts,  the  high- 
tension  coil  being  placed  between  the  two  sections  of  the  low-tension 
coil. 

218.  Construction  of  the  Core. — Although  the  iron  core  of  a  modern 
transformer  forms  a  continuous  iron  path  around  the  coil,  the  laminations, 
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Fig.  304. — Each  of  the  core  laminations 
consists  of  two  parts,  for  ease  in 
assembly;  every  other  lamination  is  re- 
versed, thus  "  breaking  joints,"  making 
the  core  assembly  mechanically  rigid  and 
keeping  the  magnetic  reluctance  low. 
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in  the  fonn  of  a  hollow  rectangle,  are  not  in  one  piece,  l)ecaiiae  if  such  were 
the  case,  the  co  1  woultl  have  to  be  wound  through  them  instead  of  being 
built  up  intlejM'ndent  of  the  core. 

Vjich  lamination  is  made  of  two  pieces  as  shown  by  the  full  lines  of 
Fig.  'MH.  In  stacking  them  up  around  the  coils,  every  other  one  is  reversed 
so  that  the  joints  come  as  shown  by  the  dotted  lines.  Because  of  this 
alteniation  of  the  joints,  the  core,  when  built  up  and  clamped  together,  is 
\ory  solid  and  has  but  little  more  reluctance  than  it  would  have  if  each 


Fio.  305. — Showing  how  the  laiiiittai  i 
coil  a-ssembly;  evcrj'  inch  or  twi 
cooling  oil  to  circulate  freely. 


M-iiibUti  around  the  thoroughly  insulated 
in-  left  in  the  core  assembly  to  allow  the 


lamination  were  one  solid  piece.  In  Fig.  305  is  shown  a  partly  assembled 
transfonner;  as  the  laminations  are  stacked  up  around  the  coil  structure; 
frequent  ducts  are  left  for  the  circulation  of  oil,  in  which  the  transformer 
is  to  be  immersed. 

The  most  recent  type  of  construction  is  really  a  modification  of  the 
core  type;  a  view  of  one  of  these  transformers  removed  from  its  containing 
case  is  given  in  Fig.  306,  from  which  it  may  be  seen  to  resemble  a  core- 
type  transformer  having  winding  on  but  one  leg.  The  other  leg,  iLscd  as  a 
rctiun  path  for  the  magnetic  flux,  is  divided  into  four  parts,  symmetrically 
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disposed  around  the  center  leg,  on  which  the  coils  are  placed.  This  type 
uses  concentric,  cylindrical  coils  (which  are  the  easiest  to  manufacture), 
is  compact  in  its  arrangement,  and  is  more  easily  cooled  than  either  of  the 
other  types.     A  sketch  of  the  transformer  is  given  in  Fig.  307;   it  shows 

how  freely  the  cooling  oil  may 
circulate  between  the  coils 
and  around  all  parts. 

219.  Size  of  Wire  in 
Transformer  Coils. — The  size 
of  wire  used  on  the  two  coils 
is  not  the  same;  it  is  much 
smaller  for  the  high-voltage 
coil  than  for  the  low-voltage 
coil.  The  most  efficient  de- 
sign is  one  in  which  the  PR 
in  the  primary  coil  is  equal  to 
that  in  the  secondary.  We 
have  shown  in  Eq.  (125)  that 
l2/I\  =  Ei/E2,  or,  in  other 
words,  the  currents  in  the 
two  coils  are  in  the  inverse 
ratio  of  their  voltages.  Let 
us  put 

E1/E2  =  a,  the  ratio  of  the 

transformer. 
Then 

1 2  =  all 

and  if  we  are  to  have 

l2'R^  =  Ii'Ri, 

then  evidently 

a^R2  =  Ri. 


Fig.  306. — In  this  type  of  transformer  the  cen- 
tral leg  of  the  core  is  surrounded  by  the  coils 
and  there  are  four  parts  to  complete  the 
magnetic  circuit. 


(128) 


If,  for  example,  a  trans- 
former has  a  ratio  of  20  :  1, 
the  high-voltage  coil  should 
have  400  ( =  20^)  times  as  much  resistance  as  the  low-voltage  coil. 
Now  there  are  twenty  times  as  many  turns  on  the  high-voltage  as  on'the 
low-voltage  coil,  so  that  the  crosssedian  of  the  wire  in  the  high-voUage  coil 

should  be  -  times  that  of  the  low-voUage  coil.     This  ratio  of  cross-sections 
gives  approximately  the  same  weight  of  copper  for  both  coils. 
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Fiu.  307. — A  plan  runsfonncr  shown 

iiiT-'iR.  ;iO();  oil  can  circulate  freely  around 

the  coil.s  and  core. 


Transformers  designed  with  this  ratio,  however,  will  get  hotter  in  the 
high-voltaf^  coil  than  in  the  low-voltage  coil,  because  the  greater 
thickness  of  insulation  around  the  high-voltage  coil  makes  it  more 
tlifficult  for  the  heat  to  escape  from  the  copper.  In  practice,  therefore,  a 
somewhat  greater  weight  of  cop- 
per is  used  in  the  high-voltage 
winding  than  in  the  low-voltage. 

220.  Insulation  of  Windings. 
— The  insulation  of  the  windings 
of  a  transformer  must  be  very 
carefully  looked  after  because  of 
the  high  voltages  to  which  a 
transformer  is  subjected.  The 
high-voltage  coil  must  l)e  in- 
sulate<l  not  only  from  the  low- 
voltage  coil,  but  also  from  the 
core;  a  breakdown  in  the  insula- 
tion in  either  of  these  places 
would  connect  to  the  high-volt- 
age line  a  part  of  the  transformer 

on  which  the  operator  supposes  there  is  either  a  low  voltage  or  none  at 
all,  and  he  would  probably  receive  a  fatal  shock  in  working  around  the 
transformer.  Or  a  customer  touching  what  he  supposes  to  be  a  low- 
voltage  line  might  receive  a  fatal  shock  by  connecting  a  high-voltage  wire 
to  ground  through  his  Ixxly. 

221.  Danger  of  a  "  Broken-down  "  Transformer. — This  possibility  is 

illustrated  in  Fig.  308;  it  is  suppostnl  that 
th{?  high-voltage  insulation  has  broken  down 
so  that  the  two  coils  are  connected  to- 
gether through  the  point  of  breakdown 
at  E.  Then  the  low-voltage  line  (either 
C  or  D)  becomes  charged  with  a  high  volt- 
age of  nearly  the  same  potential  with 
respect  to  the  ground  as  the  line  A.  If  a 
partial  ground  exists  on  line  B  (as  it  gen- 
erally will)  and  a  person  standing  on  the 
ground  touches  either  of  the  low-voltage 
wires,  C  and  D,  he  will  receive  a  shock, 
just  as  if  he  had  grounded  the  high-volt- 
age line,  A.  And  even  if  B  has  no  par- 
tial groimd,  a  fatal  shock  might  still  be  received  owing  to  the  charging 
current  (the  earth  serving  as  a  condenser  plate)  his  body  will  have  to 
carry. 


B 


-^Partial 
*  ffroaud 


Fio.  30S. — Illustrating  the  dan- 
ger of  a  connection  (due  to 
faulty  insulation)  between 
high-  and  low-voltage  coils.  A 
person  touching  either  of  the 
low -voltage  wires,  C  or  D, 
might  receive  a  fatal  shock. 
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222.  Construction  of  Coils. — To  obtain  good  insulation,  the  coils  of  a 
transformer  arc  wound  with  insulated  wire  and  covered  with  a  thick  layer  of 
tape.  After  they  are  wound  they  are  impregnated  with  some  insulating 
compound,  and  oiled  cambric  and  special  insulating  papers  are  freely  used 
between  the  coils  and  between  the  coils  and  the  core.  After  being  com- 
pleted, the  transformer  insulation  is  tested  for  breakdown  by  using  another 
high-voltage  transformer  and  at  least  twice  the  voltage  for  which  the 
high-voltage  coil  was  designed.  This  figure  varies  for  different  trans- 
formers, being  greater  for  low-voltage  than  for  high-voltage  transformers; 
for  further  information  the  Standards  of  the  A.  I.  E.  E.  should  be  con- 
sulted. 

In  order  to  protect  transformers  from  the  high  voltages  due  to  surges 
(electrical  oscillations  in  a  transmission  line)  it  is  customary  to  insulate 
the  first  few  turns  of  the  high-voltage  winding  much  better  than  the  rest 
of  the  turns.  It  is  found  in  practice  that  a  transformer  not  so  built 
nearly  always  breaks  down  in  these  first  turns. 

223.  Methods  of  Cooling  Transformers. — Owing  to  the  losses  which 
occur  in  the  core  and  windings  of  a  transformer,  it  heats  up  like  any  other 
piece  of  electrical  apparatus.  But  the  heating  in  a  transformer  would  be 
greatly  exaggerated  unless  means  were  taken  to  prevent  it,  as  there  are 
no  moving  parts  to  create  air  currents  and  so  dissipate  the  heat.  Special 
means  are  always  used  to  keep  down  the  temperature  of  a  transformer. 

Air-cooling,  oil-cooling,  or  water-cooling  may  be  employed,  oil-cooling 
being  most  generally  used  for  small  transformers  and  water-cooling  for 
large  transformers  in  power  plants, 

224.  Air-cooled  Transformers. — In  the  air-cooling  method  a  fan  is 
used  to  force  cool  air  from  the  bottom  of  the  transformer,  past  the  wind- 
ings and  core,  to  carry  off  the  heat  from  the  top  of  the  transformer.  Some- 
times the  fan  connects  to  a  pressure  chamber  in 
the  basement  of  the  station  and  the  row  of 
transformers  is  placed  directly  over  this  cham- 
ber. The  bottom  of  each  transformer  case  is 
open  and  connects  to  the  chamber  below;  the 
air  pressure  used  in  the  chamber  depends  upon 
the  load  the  transformers  are  carrying,  being 
sufficient  at  heavy  loads  to  send  a  very  swift 
air  current  through  the  transformers.  The  air 
should  be  well  cleaned,  otherwise  dirt  and  foreign 
particles  will  collect  in  the  transformer  case  and 
tend  to  cause  short-circuits,  etc.  One  disad- 
vantage with  air-blast  transformers  is  that,  if 
an   arc  occurs   in  the  windings,  it   is   rapidly 


Fig.  309. — Showing  the  cir- 
culation of  the  oil  in  an 
oil-cooled  transformer. 


fanned  into  flame  by  the  air  currents. 
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226.  Oil-cooled  Transformers.— The  nuthoil  of  cooling  most  gpn- 
cnilly  us<-ii  Ls  lo  place  the  traiLsfonner  in  a  wator-tight  case,  filled  vnth  oil. 
The  oil  serves  both  as  an  insulator  and  as  a  cooling  medium.  Ciurents 
circulate  in  the  oil,  owing  to  convection.  These  ciurents  are  "  up  "  next 
to  the  transformer  core  and  coils  and  "  down  "  on  the  outside,  next  to  the 
case.     The  heat  is  thus  carried  by  the  oil  currents  from  the  transformer  to 


1  .i..  «iu.  -In  the  larger  sues  of  oil-cooled  tranrformerB  the  caae  is  made  corrugated, 
to  expose  more  cooling  surface  and  thus  keep  the  temperature  of  the  (m1  down  to  a 
safe  value. 


the  case,  through  which  it  is  conducted  to  the  atmosphere.  The  direction 
of  these  currents  is  shown  in  Fig.  309. 

The  use  of  oil  in  a  transformer  increases  its  capacity  in  the  same  way 
that  forced  ventilation  increases  the  capacity  of  a  motor  or  generator. 
This  method  of  cooling  is  the  most  reliable  there  is;  there  is  nothing  to 
get  out  of  onler  as  is  the  case  with  air-  or  water-cooling. 

In  the  larger  siates  difficulty  is  encountered  because  of  the  great  amount 
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of  heat  generated  in  the  transformer;  the  smooth  iron  case  does  not  expose 
enough  surface  to  the  air  for  proper  cooUng.  Because  of  this  the  case  is 
made  of  corrugated  metal,  as  shown  in  Fig.  310,  or  a  nest  of  suitably 
disposed  pipes  is  used  so  that  the  radiating  surface  of  the  case  is  very- 
much  increased.     But  in  very  large  station  transformers  the  heat  cannot 

be  radiated  fast  enough,  even 
with  a  corrugated  case,  so  that 
resort  is  had  to  water-cooling. 

In  a  modern  oil-cooled  trans- 
former the  transformer  tank  is 
kept  complete^  filled  with  oil  by 
having  a  small  auxiliary  oil  tank 
connected  to  the  main  tank  and 
placed  above.  This  lessens  the 
chance  of  explosion  of  oil-vapor 
laden  gases  in  the  top  of  the 
transformer  tank  itself. 

226.  Water-cooled  Trans- 
formers.— A  water-cooled  trans- 
former is  one  in  which  the  trans- 
former is  immersed  in  oil  (as  in 
the  oil-cooled  transformer)  but 
the  oil  itself  is  cooled  by  circu- 
lating between  coils  of  pipes, 
which  are  immersed  in  the  oil 
and  through  which  cold  water  is 
circulating.  This  method  of 
cooling  is  required  in  very  large 
transformers,  such  as  are  fre- 
quently located  in  stations.  Evi- 
dently the  method  could  not  be 
used  for  transformers  located  on 
poles  or  in  out-of-doors  installa- 
tions because  of  trouble  due  to 
the  freezing  of  the  water  and 
other  causes.  A  large  water- 
cooled  transformer  removed  from 
its  case  is  shown  in  Fig.  311.  The  water  piping  is  made  very  carefully 
to  guard  against  leaks,  because  the  least  trace  of  water  in  the  oil  would 
spoil  its  insulating  power. 

227.  Losses  in  a  Transformer. — The  two  sources  of  energy  loss  in  a 
transformer  are  the  core  loss  and  the  copper  loss.  These  two  losses  are 
generally  about  equal  at  full  load,  each  of  them  being  from  1  to  3  per  cent 


Fig.  311. — A  transformer  arranged  for  water- 
cooling,  completely  assembled  and  ready  to 
be  put  into  its  containing  case.  The  coil 
of  pipe,  in  which  the  cooling  water  circu- 
lates, will  be  in  the  hottest  part  of  the  oil, 
when  the  transformer  is  in  its  tank. 


COPPER  LOSS 


ao6 


of   the   full-load   capacity   of    'I'"    transforriHT.     Th«'   larK<'r   yvTcentage 

apnlii'sJto  the  smaller  sizes 

228J  CoreLoss^The  core  lotu  in  a  transfonner  Is  due  to  hysteresis, 

ami  alsoToTReeddy  c»ir»-.>nt«  u'}>i«'li  are  sc»t  up  in  the  laminations  of  which 

the  core  is  built. 

As  explained  in  Chapter  III,  Volume  I,  it  requires  energy  (work)  to 

carry  iron  through  cycles  of  magnetization,  a  measure  of  this  energ>'  being 

the  area  of  the  hysteresis  loop.     As  it  is  desired  to  keep  this  loss  in  the 

transformer  as  low  as  jxjssible,  the  iron  for  transformer  cores  is  carefully 

selected;   only  that  grade  of  iron  which  has  a  narrow  hysteresis  loop  is 

used.    For  a  given  transfonner  the  hvst(>rcsi8 

loss  varies  dirertlu  with  thr  frrauenni  ami  with  the 

1 .6  power  of  the  maximum  flux  density. 

The  e<l(ly  currents  in  the  core  circulate  in 

the  laminations  as  shown  in  Fig.  312,  in  which 

the  laminations  are  represented  as  nmch  thicker 

than  they  really  are.     These  currents  heat  the 

iron  and  so  represent  loss  in  the  transformer; 

this  loss  is  kept  low  by  using  thin  laminations. 

I  ig.  312  gives  the  cross-section  of  one  leg  of  a  p,„  312.-T78how  how  the 

eddy  currents  circulate  in 
the  laminations  of  a  trans- 
former core;  of  course  the 
laminations  are  actually 
much  thinner  than  indi- 
cated here. 


)re-type  transformer. 
For  a  given  transformer,  the  eddy-current 
loss  varies  with  the  square  of  the  frequency  and 
v'fTntnesnuareoJuir^m^^ 

The  flux  density  in  a  transformer  is  nearly 
independent  of  the  load  on  the  secondary  and,  as 
the  frequency  of  the  supply  current  does  not  var>'  with  the  load,  we  may 
conclude  that  both  hysteresis  and  e<ldy-current  losses  are  practically  in- 
dependent of  the  loatl;  hence  the  core  loss   (which  is  the  sum  of  these 


aa.lCopper  Loss.V-The  /-i 
with  the  square  of  tffe  load  cii 


-R  loss  in  the  windings  evidently  increases 
square  oi  tire  loau  current.  This  is  true  for  both  transformer 
coils  because  we  have  previously  shown  that  the  primar}'  current  increases 
proportionately  with  any  increase  in  the  secondary  current.  The  total 
copper  loss  may  be  calculated  from  the  equation : 

Copper  Loss  =  Ii^i  +  Ij'Rj  =  IrjRi  +a^/?2),       .     .     (129) 

where  the  term  (Ri+a^Ri)  is  called  the  effective  resistance  of  the  trans- 
former (of  both  coils)  in  terms  of  the  primary  current. 

The  tenn  I\^{a^Ri)  expresses  the  secondarj'  copper  loss  in  terms  of  the 
primary  current ;  we  may  consider  that  the  resistance  of  the  secondary  is  zero, 
but  that  a  sufficient  resistance,  R',  has  been  added  to  the  primary  to  make 

/,2«'  =  /22/?2 (130) 
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At  full  load  we  have  approximately, 

IiNi  =  l2N2; 


hence 


^-^■©=^'(1)=^- aai) 


where  a  is  then  the  ratio  of  the  transformer. 

Substituting  for  I2  in  Eq.  (130),  its  value  from  Eq.  (131),  we  have 


from  which 


R'  =  am2 (132) 

Thus  the  equivalent  resistance  of  the  secondary  in  terms  of  primary 
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Fig.  313. 

Fig.  313. — Loss  curves  for  a  small  transformer. 
Fig.  314. — Typical  power  factor  and  efficiency  curves  for  a  small  transformer. 

current  is  equal  to  the  secondary  resistance  times  the  square  of  the  ratio 
of  the  transformer. 

230.  Loss  Curves  Efficiency. — Figure  313  shows  the  two  loss  curves 
of  a  4-kv.a.  transformer  plotted  against  the  secondary  current;  the  total- 
loss  curve  is  obtained  by  adding  the  two; 

From  the  total-loss  curve  the  efficiency  can  easily  be  calculated.  We 
know  that 

efficiency  =  output/input  =  output/ (output+losses.) 

Now  assume  any  output,  as  for  example,  10  amperes.  As  this  trans- 
former is  rated  2200  volts-110  volts,  the  output  =  110X10  =1100  watts. 
By  reference  to  the  "  total  loss  "  curve  we  see  that  the  losses  in  the  trans- 
former for  10  amperes  output  amount  to  80  watts. 
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Hence  the  efficiency  of  this  output  =  noo-ugo'"^'^  ^^  ^°** 

^      ^  .  2200 

At  20  amperes  output  the  efficiency  =  ~oonQA.Q2  ~  ^  •  0  per  cent. 

3300 
At  30  amperes  output  the  efficiency  =  ooqq  i  t  oq  =  96 . 5  per  cent. 

4400 
At  40  amperes  output  the  efficiency = 44QQ1  153"^-^  P^'*  ^^*'* 

6500 
At  50  amperes  output  the  efficiency  =  keno  ■  1  ne  =  9^ •  0  per  cent. 

i'ho  cthcijMicy  c-urvr  is  thus  determined  and  has  the  shape  given  in 
Fig.  314.  This  method  of  calculating  efficiency  is  not  rigidly  correct, 
because  the  secondary  voltage  does  not  remain  quite  constant  as  we  have 
assiimod.     Tho  resulting  error  is,  however,  practically  negligible. 

231.  Power-factor  Curve. — The  iX)wer-factor  curve  of  the  primary 
circuit  (supposing  a  non-inductive  secondary  load)  has  the  shape  given  in 
Fig.  314.  The  power  factor  is  about  0.30-0.40  at  no  load  and  quickly  rises 
to  appro.ximately  l.(X),  maintaining  this  high  value  until  the  transformer 
is  heavily  overloaded.  The  method  for  determining  the  power  factor 
curve  is  e.xplained  in  the  experiment  on  the  transformer  in  Volume  Til. 

232.  Decrease  in  Secondary  Terminal  Volts  as  the  Load  Increases. — 
The  secondary  voltage  falls  slightly  with  an  increase  of  load  (a  constant 
impres.**ed  primarj'  voltage  l)eing  assumed),  the  total  change  from  no  load 
to  full  loail  Ix^ing  2-5  per  cent,  expresse<l  as  a  percentage  of  the  full-load 
voltage.  This  percentage  is  called  the  regulation  of  the  transformer.  Its 
value  depends  upon  the  residance  of  the  windings  and  the  magnetic  leakage, 
an  inerea.sc  in  cither  of  these  factors  producing  an  increase  in  the  regulation. 
The  rt.frnlw tutp  pf  a  frnn.<fnrtTior  will  be  further  considered  in  section  240. 

233.\All-day  Efficiency.J-The  "  all-day  "  efficiency  of  a  transformer 
is  a  ver}'  iin[)<)rtant  factor  for  the  central  station  manager  to  consider;  in 
fact,  it  is  much  more  important  than  the  efficiency  as  ordinarily  defined. 

By  all-<lay  efficiency  is  meant  the  ratio  of  watt-hours  output  to  watt- 
hours  input  during  a  whole  day's  operation.  An  example  will  make  this 
clear.  Suppose  a  5-kv.a.  transformer  is  supplying  a  lighting  load;  it 
woultl,  m  a  normal  day's  run,  op<Tate  at  full  load  1'  hours  and  perhaps  at 
half  load  1^  hours;  during  the  rest  of  tlu-  day  there  wouUlbe  no  load  on 
the  transformer.     Siip;)os<'  the  iron  loss  is  2(X)  watts  and  the  full-loaa 

loss  at  half  load  would  be  equa) 


cop{M'r  loss  (I'-R)  is  200  watts;  the  copper 
to  ( \ )-  X  200  wat  ts  =  50  wat  ts. 


.\s  the  transformer  is  connected  to  its  supply  line  all  day,  thd^coie  1066  1 
f ( )r  all  day  =  24  X  200 = 4800  watt-hours. 
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Thepiopper  iossjfor  the  H  hours  full  load  =1|X  200  =  300  watt-hours 
and  during  the  1^' hours  half  load  =  1^X50  =  75  watts,  so  that  the  total 
copper  loss  for  the  day's  run  is  375  watt-hours.  The  total  loss  in  the 
transformer  for  24  hours  =  4800+375  =  5175  watt-hours. 

The  ^!iyrk.y  output  m  one  ^ayV  1|  X 5000+ 1^  X 2500  =  11,250  watt- 
hours. 


TheC&hergy  input  in  one  day>  11,250+5175  =  16,425  watt-hours. 

11250 
The  all-day  efficiency =y^2o^~^^-^  P^^  cent. 

Now  the  efficiency  of  this  transformer  in  the  ordinary  sense 
5000 


5400 


=  92 . 7  per  cent. 


234.  Proper  Design  to  Get  High  All-day  Efficiency. — If  the  trans- 
former were  redesigned  (so  as  to  have  the  same  full-load  efficiency)  with 
100  watts  iron  loss  and  300  watts  copper  loss  at  full  load,  the  aU-day 
efficiency  would  be  better  than  before. 

Core  loss,      24  hours  =  24  X 100  =  2400  watt-hours. 
Copper  loss,  24  hours=l|X  300+1^X75  =  562  watt-hours. 
Output  in      24  hours  =11,250  watt-hours  (the. same  as  before). 

11250 
The  all-day  efficiency  =  .^^250-|- 2400+562^^^'^  P^^  ^^^^' 

It  is  therefore  evident  that  if  a  transformer  is  to  be  used  for  a  service 
on  which  the  full-load  demand  exists  for  a  short  time  only,  the  transformer 
should  be  designed  with  as  low  a  core  loss  as  possible,  even  if  the  PR  loss  is 
much  increased  thereby.  This  idea  must  not  be  carried  too  far,  however, 
because  a  transformer  with  high  resistance  regulates  poorly  and  it  would 
be  unsatisfactory  for  supplying  the  power  for  lamps. 

235.  Determination  of  Losses. — The  iron  loss  in  a  transformer  is 
easily  determined  by  reading  the  watts  input  (at  normal  voltage  and  fre- 
quency), when  the  secondary  is  open-circuited;  connections  as  in  Fig.  315. 
Although  this  wattmeter  reading  does  include  a  small  PR  loss  due  to  the 
exciting  current,  it  is  ordinarily  not  considered  because  it  is  so  small. 
The  total  wattmeter  reading  is  reckoned  as  core  loss. 

To  determine  the  full-load  copper  loss,  connections  are  made  as  in 
Fig.  316,  a  very  Imo  voUage  being  impressed  on  the  primary.  This  voltage 
is  increased  until  the  ammeter  in  the  short-circuited  secondary  indicates 
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the  full-load  current.  A  reading  of  the  primary  wattmeter  then  gives  the 
full4oad  copper  loss  in  both  coils.  (There  is  a  very  small  core  loss  included 
in  this  reading  but  it  is  ordinarily  neglected.)  The  copp<T  loss  for  other 
loads  may  l)e  determined  by  proix>rtionality,  if  desired,  without  being 
actually  measured.  For  instance,  the  half-load  copper  loss  will  be  one- 
quarter  of  the  full-load  loss;  the  quarter-load  loss  will  be  one-sixteenth 
of  the  full-load  loss,  etc. 

The  reading  from  these  two  tests  may  also  be  used  to  predetermine 
the  power  factor  and  the  regulation  of  the  transformer;  the  student  is 
referred  to  Volume  III  for  the  method. 

236.  Effective  Resistance  of  the  Transformer. — If  the  wattmeter  read- 
ing in  Fig.  316  is  divided  by  the  secondary  ammeter  reading  squared,  the 
effective  resistance  of  the  transformer,  in  terms  of  secondary  current,  is 


Wattmrter 


Wattmeter 


Fia.  315.  Fio.  316. 

Fia.  315. — Pn)per  connections  for  measuring  the  core  loss  of  a  transformer. 
Fia.  316. — Projwr  connections  for  measiiring  the  copper  loss  of  a  transformer. 

obtained.     The  wattmeter  reading  must  equal  the  sum  of  the  copper  losses 
occurring  in  both  windings,  i.e.. 


W  =  Ii:^Ri-\-l2^R2. 


From  Fxi.  (131) 


(133) 


/i  = 


Substituting  this  value  of  /i  in  Eq.  (133) 


so  that 


W^'-^Ri+h^Ri 


=/2^(^;+K2j/ 


R 

The  expression  — ^  is  the  equivalent  resistance  of  the  primary  in  terms 

of  secondary  current,  and  may  be  derived  in  the  same  way  as  Eq.  (132) 
was  obtained. 

If  the  wattmeter  reading  is  divided  by  the  primary  current  squared, 
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the  value  of  which  may  be  determined  either  by  an  anmieter  inserted  into 
the  primary  circuit,  or  from  the  relation  given  in  Eq.  (131),  i.e., 

/2  =  /ia     or     /i=  — , 

a' 

the  effective  resistance  of  the  transformer  in  terms  of  primary  current 
will  be  obtained,  since 


so  that 


W  =  h^Ri  -\-l2^R2  =  Ii^Ri  -\-Ii^am2 
W 


h' 


Rx-{-am2. 


Knowing  the  effective  resistance  of  the  transformer  in  terms  of  either 
primary  or  secondary  current,  the  effective  resistance  in  terms  of  the  other 
may  easily  be  determined,  since 


Effective  resistance  in  terms  of  primary      Ri-^arR2 
Effective  resistance  in  terms  of  secondary      ^i  ,  r> 


=a^ 


(134) 


In  practice,  only  the  effective  resistance  of  a  transformer  in  terms  of 
either  primary  or  secondary  is  usually  desired,  and  it  is  obtained  by  the 
method  indicated  in  Fig.  316.  It  is,  of  course,  also  possible  to  calculate 
the  copper  losses  from  measurements  of  the  conductor  resistances  of  both 
primary  and  secondary  windings,  and  assumed  or  measured  values  of 
currents. 

It  is  to  be  pointed  out  that  if  the  copper  losses  are  determined  by  the 

method  of  short-circuiting  the  sec- 
ondary, the  total  loss  can  be  actually 
and  properly  divided  between  the 
primary  and  secondary  windings,  if 
desired.  We  know  that  both  wind- 
ings have  resistance  and  carry  cur- 
rents, so  that  in  each  winding  there 
occurs  an  IR  drop  and  an  PR  loss. 

237.  Magnetic  Leakage. — The 

magnetic  field,  upon  which  the  opera- 

FiG.    317.— A   conventional   diagram   to  tion  of  the  transformer  depends,    is 

illustrate  magnetic  leakage;  part  of  the  generated  by  the  primary  coil;  all  of 

flux  which  is  set  up  in  the  primary  does    ,,  .  .•      n         j  a  xi.        i 

XII      ..u  ^u  A  A  xu-   •    this  magnetic   flux  does  not  thread 

not  hnk  with  the  secondary  and  this  is  ^^ 

called  the  leakage  flux.  the  secondary  winding,  as  some  mag- 

netic lines  leak  across  from  one  part 
of  the  core  to  another  without  interlinking  with  the  secondary  coils.  In 
the  elementary  form  of  transformer,  shown  again  in  Fig.  317,  the  leakage 
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flux  takes  the  path  indicated  at  a,a,  etc.,  while  the  normal  flux  threads 
both  the  secondarj'  and  primary.  The  amount  of  leakage  depends 
directly  upon  the  load,  because  the  sccondarj'  current  produces  a  back 
m.m.f.  on  the  magnetic  circuit,  forcing  out  of  the  secondary  more  and 
more  flux  as  the  loafl  increases.  It  is  generally  disadvantageous  to 
have  much  leakage  in  a  transformer  because  of  the  poor  regulation  which 
results;  the  two  coils,  primary  and  secondary',  are,  therefore,  placed  as 
close  together  as  possible. 

In  the  vector  diagrams  of  Figs.  295  and  296,  the  flux  vector  represented 
the  mutual  fliLx,  the  flux  which  intcrlinketl  both  the  primary  and  the 
secondary,  and  we  said  that  the  rate  of  change  of  this  mutual  flux  gen- 
eratetl  a  voltage  in  the  secondarj',  E2,  and  induced  in  the  primary  a  back 
e.m.f.  of  self-induction,  E'l;  leakage  flux  was  therefore  not  considered  in 
Fig.  296. 

A  circuit  capable  of  setting  up  flux  which  links  with  itself  is  said  to 
have  reactance,  and  so  the  primary  winding  is  said  to  have  leakage  react- 
ance. The  primary  leakage  flux  induces  an  e.m.f.  in  the  primary,  which, 
while  it  may  be  considered  a  back  e.m.f.  of  self-induction,  is  always  con- 
siderod  as  an  /lA'i  drop,  to  distinguish  it  from  the  back  e.m.f.  of  self- 
induction  due  to  the  mutual  flux. 

238.  Determination  of  Leakage  Reactance. — The  leakage  reactance 
of  a  transformer  i.s  obtained  from  the  short-circuit  test  of  Fig.  316.  By 
div-iding  the  voltmeter  reading  by  the  ammeter  reading,  the  impedance, 
Z,  of  the  transformer  in  terms  of  the  primary  is  obtained;  and  since 

Z=VR2-^X^ 

and  the  effective  resistance  of  the  transformer  in  terms  of  the  primarj'  is 
known,  ( jTa  )«^,  the  reactance  in  terms  of  the  primary  may  be  calculated. 

It  is  customary  to  divide  the  reactance  of  a  transformer  between  the 
primar>'  and  secondary'  in  the  same  way  as  the  effective  resistance  is 
divided  between  the  windings,  and  treat  it  as  though  part  of  it  were  in  the 
primary  and  part  of  it  in  the  secondary.  It  is,  however,  imp>ossible  to 
divide  the  leakage  reactance  experimentally,  in  the  manner  in  which  it  is 
possible  to  divide  the  effective  resistance  between  the  primary  and  sec- 
ondary. It_8eems^inipler,  then^  to  .consider  ^^f^*  «^l  l^n'^-ftg"  reactancfejs 
concentrated  in  the  primary,  and  that  there  occurs  only  air72i?2  drogjgi 
the  second  an'. 

239.^^^ctor  Diagram  "^  *^*^  JrflnRfnrmpr -^Thn  voltagc  impressed 
upon  the  pnmary  must  overcome  three  sepftrsw  reactions,  the  reaction 
due  to  mutual  flux,  the  primarj'  IiRi  drop,  and  the  primary  IiXi  drop 
due  to  leakage  flux.     In  constructing  the  vector  diagram  (Fig.  318),  we 
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again  start  with  the  vector  of  mutual  flux,  OA.  The  component  of 
impressed  voltage  which  overcomes  the  back  e.m.f.  due  to  this  flux,  E'l, 
leads  the  flux  by  90°,  and  is  shown  as  the  vector  —E'\;  the  secondary 
induced  voltage,  £"2,  lags  90°  behind  the  flux.  The  secondary  current  is 
indicated  by  the  vector  I2,  and  the  load  component  of  the  primary  current 

as  7'i(  =/2XTf-) ;   the  primary  current  is  then  the  vector  sum  of  l'\  and 

the  exciting  current,  Ie. 

The  primary  IiRi  drop,  drawn  parallel  to  7i,  and  the  primary  I\X\ 

drop,  leading  the  current  by  90°,  are 
added  to  E'\,  giving  the  primary  im- 
pressed voltage.  The  secondary  terminal 
voltage  is  obtained  by  subtracting  the 
secondary  72^22  drop  (drawn  parallel  to 
72)  from  the  induced  voltage  in  the 
secondary. 

240.  Regulation  of  the  Transformer. 
— It  will  be  seen  from  the  vector  diagram 
of  Fig.  318  that  as  load  is  put  upon  the 
transformer  the  primary  I\Ri  and  7iXi 
drops  will  increase.  The  back  e.m.f.  of 
self-induction  need  therefore  not  be  as 
large,  and  as  a  result  the  mutual  flux  will 
decrease  somewhat ;  this  in  turn  decreases 
the  secondary  induced  e.m.f.  The  sec- 
ondary terminal  voltage  is  however  equal 
to  the  vector  difference  between  the  sec- 
ondary induced  voltage  and  the  sec- 
ondary 727^2  drop,  and  it  is  evident, 
then,  that  as  load  is  put  upon  a  trans- 
former (the  primary  voltage  being  held 
constant),  the  secondary  terminal  voltage 
will  decrease.  In  a  well-designed  trans- 
former this  drop  in  voltage,  from  no  load 
to  full  load,  will  amount  to  from  1  to  3 
per  cent.  The  vector  diagrams  of  Figs. 
295,  296  and  318  are  very  much  exaggerated,  the  IR  and  IX  drops 
having  been  drawn  with  values  much  larger  than  actually  occur.  For 
the  same  reason,  from  about  one-quarter  load  up,  the  power  factor  of  the 
primary  is  practically  equal  to  that  of  the  secondary,  the  angles  0i  and 
02  being  nearly  equal. 

With  a  non-inductive  load,  the  resistance  drops  have  the  greater  effect 
in  causing  the  secondary  voltage  to  fall  with  load;  the  7A'  drop,  being  prac- 


FiG.  318. — Showing  how  the  required 
primary  voltage  may  be  calculated 
from  the  secondary  terminal  volt- 
age and  transformer  constants. 
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liially  ai  right  angles  U)  ttic  piiamiy  iiuprcssotl  voltage,  has  practically 
no  eflfect  on  the  regulation.  As  the  power  factor  of  the  load  decrea«e8, 
the  effect  of  the  IX  drop  lx»conies  more  and  more  marked,  and  that  of  the 
IR  drops  less  mark.e<l.  The  IX  drop  l>eing  usually  larger  than  the  IR 
drop,  the  regulation  of  a  transformer  is  usually  poorer  at  a  power  factor 
of  0.8  than  at  unity  power  factor.  The  student  may  easily  construct 
Victor  diagrams  to  totJt  the  accuracy  of  the  above  statements. 

241.  Polyphase  Transformers.—  In  transformiug  the  voltage  of  a  two- 
or  thret»-phase  power  system  it  is  {x>s- 
sihle  to  use  two  or  three  single-phase 
traasfonners,  or  one  jwly phase  trans- 
former. A  two-phase  transformer  has 
no  commercial  importance,  but  three- 
phase  transfonners  are  used  to  a  con- 
siderable extent.  If  three  single- 
phase,  core-type  transfonners  were 
wound  each  on  one  leg  only,  and  th(> 
three  empty  legs  were  combine*!  to 
make  the  return  path  for  the  flux  of 
each  transformer,  we  should  have 
essentially  a  three-phase  transformer. 
The  flux  carrietl  by  the  common 
return  path,  however,  would  he  zero 
{because  three  equal  harmonic  fluxes 
120°  apart  in  time  have  a  zero 
resultant).  Hence,  as  the  common 
return  \op.  carries  no  flux,  it  is  useless 
and  so  nm^'  Ix;  dispense<l  with. 

By  this  inotlification,  the  three-leg,  three-phase  transfonner  is  reached, 
having  the  primar>'  ami  secondar>'  windings  of  one  phase  on  each  leg. 
The  design  mentioned  above,  altcretl  slightly  to  make  the  core  easier  to 
construct,  yields  a  transformer  of  the  form  shown  in  Fig.  319.  It  may  be 
seen  that  no  common  leg  is  used  in  such  a  design. 

The  three-phase  tran.sfonner  is  slightly  more  efficient  than  three  single- 
phase  transformers,  as  there  is  less  iron  per  kw.  output,  but  the  cost  of 
upkeep  and  of  spare  units  is  greater.  In  general,  three  single-phase 
transformers  arc  used,  rather  then  one  three-phase  transformer,  IxMjause 
of  the  greater  reliability  and  flexibility  of  the  installation 

242.  Pol3rphase  Power  Transformation. — It  is  not  possible  to  transform 
a  single-phase  system  into  a  polyphase  system  by  means  of  ordinar>' 
transformers;  single-phase  power,  as  we  have  seen,  is  pulsating,  whereas 
the  power  in  any  balanced  polyphase  8>*stem  is  constant.  It  is,  however, 
{X)6sible  to  transfonn  one  polyphase  system  into  another,    also  to  raise 


Fig.  319. — A  core-tsrpe,  three-phase 
transformer.  Due  to  the  phase  re- 
lations, each  leg  of  the  core  succes- 
."ively  u-ses  the  other  two  legs  as  the 
return  path  for  its  magnetic  Sux. 
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H. 


1-2 

Y-Y  Connection 


H., 


or  lower  the  voltage  of  a  given  system,  with   or   without    changing   the 

number  of  phases. 

243.  Three-phase  Transformation. — Three-phase  transformation  may 

be  accomplished  by  one  three-phase  transformer  or  by  three  single-phase 

transformers.  In  special 
cases  two  single-phase  trans- 
formers may  be  used  for 
three-phase  transformation. 
Three-phase  transforma- 
tion is  the  one  most  gen- 
erally used,  the  voltage 
being  stepped  up  or  down 
as  desired.  Four  possible 
combinations  of  three  sin- 
gle-phase transformers  (or 
the  three  phases  of  a  three- 
phase  transformer)  are  pos- 
sible; these  are  known  as 
the  Y-Y,  A-A,  Y-A,  and 
the  A-Y.  In  Fig.  320  the 
connections  for  the  first 
three  schemes  are  indi- 
cated. 

The  ratio  in  which  the 
voltage  is  changed  depends 
not  only  upon  the  ratio  of 
the  transformers  them- 
selves, but  also  upon  the 
way  in  which  they  are  in- 
terconnected. With  the 
Y-Y  and  the  A-A  connec- 
tions, the  voltage  of  the 
system  is  changed  only  in 
the  ratio  of  the  trans- 
formers; in  (a),  if  there  are 
1000  volts  between  lines 
the    high-tension    side, 
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L. 
Y-A  Connection 
Fig.     320. — Various    connections    of     three-phase 
banks  of  transformers;   all  of  these  are  used  in 
practice. 


on 


each    transformer   has  im- 
pressed on  its  high-tension 


.    ,.      1000     „„      , 
wmdmg  — -yrzr  =  577  volts. 


If  the  ratio  of  transformation  is  10  :  1,  there 


are  induced  57.7  volts  in  each  low-tension  winding,  giving  57.7  xV3  = 
100  volts  between  lines.     In  the  A-A  connection,  1000  volts  are  impressed 
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Transformer  A 


upon  oach  high-tension  winding,  and  100  volts  arc  induced  in  oach  low- 
tension  winding. 

When  the  Y-A  connection  is  used,  with  1000  volts  between  lines,  each 
transfonner  has  impressed  upon  its  high-tension  winding  577  volts,  and 
there  are  intluced  57.7  volts  in  each  low-tension  winding;  with  the  low- 
tension  windings  connected  in  delta,  the  line  voltages  are  57.7.  Thus  the 
ratio  of  transfonuation  with  the  Y-A  connection  is  1.732  times  the  ratio 
of  the  tranformers  themselves  instead  of  equal  to  this  ratio  as  is  the  case 
with  the  Y-Y  and  A-A  connections. 

If  the  high-tension  windings  were  connected  in  delta,  100  volts  would 
1h>  inducetl  in  each  low-tension  winding;  these  Ijcing  connected  in  Y,  the 
line  voltages  would  be  lOOX  V3=  173  volts,  giving  a  ratio  of  transforma- 
tion of  0.577  times  the  ratio  of  the  transformers  themselves. 

To  transfonn  a  given  amount  of  three-phase  power,  the  transformers 
will  each  have  the  same  kv.a.  capacity,  but  their  voltage  and  current 
ratings  obviously  depend  upon  the  connection  to  bo  used. 

244.  Two-phase  to  Three-phase  Transformation. — The  transforma- 
tion of  a  two-phase  system  into  a  three-pha.se  system  (or  vice  versa)  is 
accompli.shed  bj'  two  trans- 
fonners  grouped  according 
to  the  ScoU  connection. 
Figure  321  shows  how  the 
connection  is  made.  Trans- 
former A  has  a  ratio  of  1  to 
1,  and  transformer  B  ha.s  a 
ratio  of  1  to  0.866,  this  con- 
dition being  brought  about 
by  bringing  out  a  tap,  so 
that  only  86.6  per  cent  of 
the  turns  are  used,  making 
the  voltage  a-h  only  86.6  per 
cent  of  the  voltage  d-c. 

If  it  is  assumed  that 
the  positive  directions  of 
the  voltages  induced  in 
the  secondaries  of  the 
transformers  (three-phase 
side),  are  as  in  Fig.  322a, 

then  the  voltage  Et,  between  lines  d  and  e  on  the  three-phase  side  is  the 
sum  of  Ede  and  £«  (Fig.  3226);  the  voltage  E,a  is  the  vector  sum  of  the 
voltages  Et<  and  Eca  (Fig.  322c),  and  voltage  Eat  is  the  vector  sum  of  E^e 
and  Ecd  (Fig.  322rf).  If  E^  is  100  volts,  Etc  and  Ec^  will  each  be  50  volt«, 
and  Eae  will  be  86.6  volts.     The  voltages  Em  and  Ead  will  then  each  equal 


c 


Ratio  1-1 


Transformer  B 

Fia.  321. — Two  transformers,  having  proper  ratios, 
and  being  properly  c-onnwted,  permit  the  trans- 
formation of  a  two-phase  system  to  a  three-phase 
system,  or  vice  versa. 
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V50H 86.6^  =100.  From  Fig.  322c,  cos^  =  i^  =  0.5,  and  0  =  60°.  The 
three  Hne  voltages  on  the  three-phase  side  are  thus  equal  and  120°  apart, 
the  criterion  for  a  three-phase  system. 

If  it  is  desired  to  change  from  a  high-voltage  two-phase  system  to  a 
low-voltage  three-phase  system  (or  vice  versa),  it  may  be  done,  provided 
only  that  the  secondary  voltage  of  A  is  86.6  per  cent  that  of  B. 


'^Ec 


Erfc 
(a) 


'^E. 


(6) 


Fig.  322. — Showing  how  the  balanced  three-phase  system  is  obtained  by  the  Scott 

transformer  connection. 


This  method  of  transformation  is  used  in  cases  where  a  customer, 
previously  supplied  with  two-phase  power  and  having  installed  two-phase 
apparatus,  is  now  being  supplied  with  power  from  a  modern  three-phase 
system.  Occasionally  this  system  of  transformation  is  used  to  tie 
together  two-phase  and  three-phase  power  systems. 

245.  Special  Cases. — In  addition  to  the  four  possible  connections  for 
three   transformers   for   three-phase   transformation   given   above,    it   is 

possible  to  use  only  two  transformers. 
It  was  shown  in  section  42  that  if 
one  phase  of  the  three-phase  A-con- 
nected  alternator  was  opened,  the  alter- 
nator would  still  deliver  three-phase 
voltages;  the  same  applies  to  trans- 
formers. 

This  open  A-,  or  "  V  ",  connection 
gives  balanced  three-phase  voltages,  but 
two  transformers  so  connected  have  a 
capacity  of  only  58  per  cent  of  the 
capacity  of  three  transformers  con- 
nected in  A,  instead  of  66|  per  cent  as 
might  be  supposed. 

In  Fig.  323  is  shown  the  vector 
diagram  of  the  voltages  and  currents 
in  the  secondaries  of  the  transformers  of  Fig.  3206;  the  phase  currents  are 
ii,  12,  and  iz,  and  the  line  currents  /i,  I2,  and  Iz.  If  transformer  No.  3  is 
removed,  then  the  line  current  /a  will  have  to  pass  through  No.  1  and 


Fig.  323. — Current  and  voltage  rela' 
tions  in  the  secondaries  of  trans 
formers  connected  as  in  Fig.  3206. 
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lino  current  J*  throuKh  trau.sformcr  No.  2.  It  will  lx»  noticwl  that  even 
though  the  load  is  non-inductive,  the  currents  in  the  two  transformers 
are  30°  out  of  phase  with  their  respective  voltages.  If  each  secondary 
of  the  transformers  has  a  current  capacity  of  1000  amperes  and  induces 
1000  volts,  the  power  output  of  the  transformers  with  1000  amperes  in  the 
lines  will  be  1000xl000Xcos30''  =  866  kw.,  or  a  total  capacity  of  1732 
kw.  Yet  if  all  three  transformers  are  connected  in  delta,  their  combined 
capacity  is  3000  kw. 

The  open  A-connection  is,  however,  sometimes  used,  as  for  example, 
when  a  power  company  is  extending  its  distribution  into  territory 
which  will  not  have  many  customers  at  first.  When  the  number  of 
customers  has  grown  suflSciently,  the  third  transformer  can  be  added. 

In  addition  to  the  few  simple  connections  shown,  there  are  many  more 
rimuOicated  groupings  possible.     With  one  scheme  called  the  "  double  A," 
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Fig.  325. 


Fig.  326. 


Fig.  324. — Connection  of  an  ordinary  two-coil  transformer  &s  an  autotransformer. 
Fio.  325. — .\uto-transformer  used  to  increase  the  line  voltage  by  10  per  cent;  that  part 

of  the  winding  common  to  Ixjth  circuits  carries  a  comparatively  small  current. 
Fig.  326. — An  auto-transformer  used  to  lower  the  line  voltage  by  10  per  cent. 


it  is  possible  to  operate  a  six-phase,  synchronous  converter  from  a  three- 
phase  supply  line.  Thus  the  efficiency  of  the  three-phase  transmission  is 
combined  with  the  increased  capacity  of  a  six-phase  converter. 

246.  Th^  Auio-transiormer!V-^This  name  is  applied  to  an  ordinary 
traiLsfoniicr  the  coil.s  of  wliitli  are  connected  together  electrically.  Gen- 
erally, the  two  coils  of  a  transformer  are  connected  together  only  by  the  mag- 
netic fields  but  in  the  auto-transformer  they  are  connected  together  not  only 
magnetically  but  aho  electrically. 

Consider  an  ordinary  1100-volt,  110-volt  transformer,  the  coils  of 
which  are  electrically  connected  together,  as  shown  in  Fig.  324.  Now, 
instead  of  taking  the  secondary  line  from  o-d,  as  would  ordinarily  he  done, 
let  the  secondary  load  be  taken  from  the  points  d-e.  The  voltage  of  this 
secondary  circuit  will  lx»  that  of  the  primar>',  increase<l  or  decreased  by 
the  voltage  generatetl  in  the  coil  c-d.  If  the  coil  c-d  acts  in  the  circuit  so 
as  to  make  the  voltage  of  d-e  greater  than  that  of  a-6,  it  shows  that  it  is 
assisting  the  voltage  of  n-b;   when  the  voltage  of  d-e  is  less  than  that  of 
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a-b  the  secondary  e.m.f.  is  opposing  the  primary  e.m.f.  The  secondary 
e.m.f.  in  the  two  cases  would  be  1210  and  990  volts  respectively. 

The  auto-transformer  is  represented  as  having  but  one  coil  with 
proper  taps;  Fig.  325  shows  the  connection  for  the  1100-1200  volt  con- 
nection, and  Fig.  326  shows  the  connection  for  the  1100-1000  volt  con- 
nection.    The  auto-transformer  may  thus  increase  or  decrease  the  voltage. 

In  that  part  of  the  coil  common  to  both  circuits,  the  primary  and 


load 


secondary  currcnis  lena  lo  neutralize  one  another,  suppose  tne  load  m 
llg.  325  is  10  amperes  in  the  secondary  circuit  of  1000  volts;  evidently 
10  kv.a.  must  be  supplied  by  the  primary  coil  to  supply  this  load  and 
10  kv.a.  at  1100  volt  swould  require  -A°A"  =  9-1  amperes.  Therefore,  the 
part  of  the  coil  AB  (Fig.  326)  carries  10  —  9.1=0.9  ampere,  neglecting  the 
exciting  current.     The  part  B-C,  however,  carries  the  full  9.1  amperes. 

Because  of  this  neutralization  of  currents,  the  auto-transformer  is  very 
economical  in  the  use  of  copper,  especially  when  the  secondary  and  primary 
voltages  are  nearly  the  same. 

247.  The  Constant-current  Transformer. — For  street  lighting,  the 
high-voltage  series  system  has  proved  to  be  commercially  successful  and 
many  street  lighting  systems  are  of  this  typo.  The  incandescent  lamps 
used  in  such  work  are  of  the  constant-current  type  and  require  a  trans- 
former which  supplies  a  constant  secondary 
current. 

In  the  operation  of  a  series  system  of 
tungsten  street-lamps,  it  often  happens  that 
some  lamps  go  out,  for  some  reason  or  other, 
and,  of  course,  this  changes  the  resistance  of 
the  load  circuit.  If  the  voltage  impressed 
^^^^^^^^^^  on   the    circuit   were   constant,   the   current 

|AflHHB^H|H  I  would  rise  and  fall  as  the  number  of  lamps 

burning  was  decreased  or  increased  and  the 
lamps  would  operate  poorly.  Hence  there  is 
required  in  the  station  a  transformer  the 
secondary  voltage  of  which  varies  with  the  num- 
ber of  lamps  in  circuit. 

248.  Operation  of  the  Constant-current 
Transformer. — The  constant-current  trans- 
former accomplishes  this  variation  by  a 
variation  of  the  leakage  flux  between  the 
primary  and  secondary.  The  secondary  coil 
is  made  movable  and  the  primary  fixed,  and 
the  leakage  flux  will  evidently  depend  upon  the  separation  of  the  two. 
A  view  of  this  type  of  transformer  is  given  in  Fig.  327.  (This  type  is 
sometimes   callod    the  "  tub  "  transformer.)     The  sccondaiy  coil  is  su.s- 


FiG.  327. — The  common  form 
of  constant  -  current  trans- 
former; if  the  secondary  cur- 
rent is  greater  than  it 
should  be,  the  movable  coil 
is  pushed  away  from  the 
stationary  coil,  thus  increas- 
ing the  leakage  flux  and 
reducing  the  secondary  volt- 
age and  current. 
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pended  and  nourly  count erhalancetl  so  that  but  little  f«rce  is  required  to 
move  it  up,  or  to  sc|mrate  it  from  the  primary. 

The  operation  may  l)c  unilerstood  by  reference  to  Fig.  328,  which 
shows  a  simplified  cross-section  of  a  constant-current  transformer.  The 
leakage  flux  is  shown  in  dotte<l  lines,  and  the  leakage  path  is  made  notice- 
ably large  in  such  a  transformer. 

The  weight  used  for  counterbalancing  the  secondary  is  not  quite 
sufficient  to  make  the  coil  float,  but,  of  course,  when  the  secondary  is 
carrying  current,  the  leakage  lines  repel  the  coil  and  help  the  counter- 
weight to  make  the  coil  float.  This  force  of  repulsion  is  proportional  to 
the  current  and  the  coil  is  under-counterbalanced  to  such  an  extent  that  when 
the  rated  secondary  current  is  flowing  the  coil  floats.     If  more  than  rated 
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Fig.  328. — A  diagram  of  the  flux  distribution  of  a  constant-current  transformer  like 

that  shown  in  Fig.  327. 
Fig.  329. — Curves  showing  the  behavior  of  the  ordinary  constant-current  transformer, 
as  the  resistance  of  the  secondarj'  circuit  is  varied. 


secondary  current  flows,  the  secondary  is  repelled  farther  from  the 
primary,  so  that  more  leakage  flux  is  produced.  But  the  more  leakage 
there  is,  the  lower  is  the  secondary  voltage,  and  so  the  secondary  current 
is  lowered  and  reduce<l  to  its  proper  value. 

Suppose  the  transformer  is  operating  on  a  certain  load  of  series  arc 
lamps  and  one  lamp  goes  out,  thus  reducing  the  resistance  of  the  external 
circuit.  The  secondary  current  will  immediatelj'  increase,  thus  increasing 
the  repelling  force  between  the  secondar>'  and  primary,  thus  raising  the 
secondar}'  coil.  But  this  decreases  the  generatetl  e.m.f.  in  the  secondary 
coil  because  of  the  increase  in  leakage  flux,  an<l  so  the  secondary  current 
doorcases  to  its  nonnal  value.  Hence  we  see  that  this  tyiw  of  transformer 
will  give  a  practically  constant  secondare'  current  so  long  as  the  src- 
(►lulary  coil  is  floating  freely  on  the  leakage  flux. 
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249.  Characteristics  of  the  Constant-current  Transformer. — Because 
of  the  excessive  leakage  fiux  the  primaty  of  such  a  transformer  has  a  rather 
low  power  factor;  the  value  of  the  power  factor  depends  upon  the  separa- 
tion of  the  coils,  being  smaller  the  greater  the  separation.  The  efficiency 
of  this  type  of  transformer  is  somewhat  lower  than  that  of  a  constant- 
potential  transformer.  This  is  due  to  the  construction;  there  is  more  iron 
in  the  core  and  more  resistance  in  the  coils  than  there  would  be  for  a  con- 
stant-potential transformer  of  the  same  capacity. 

The  characteristic  curves  of  a  constant-current  transformer  are  given 
in  Fig.  329,  in  which  are  reproduced  the  results  of  a  laboratory  test  on  a 
small  constant-current  transformer.  Because  of  the  low  power  factor  and 
efficiency  at  light  loads,  it  is  customary  to  have  several  taps  on  the 
secondary  and  to  use  that  tap  which  makes  the  transformer  operate  (on  a 
given  circuit)  with  its  secondary  close  to  the  primary,  thereby  producing 
a  high  power  factor.  To  prevent  violent  oscillation  of  the  secondary  coil 
as  the  load  varies,  a  dash-pot  is  employed  to  prevent  rapid  motion  of  the 
secondary.     From  Fig.  329  it  may  be  seen  that  the  primary  current  as  well 

as  the  secondary  curreni  of 
such  a  transformer  is  prac- 
tically independent  of  the 
load.  The  explanation  of  this 
would  require  more  space 
than  can  be  afforded  here. 

250.  Welding  Transformer. 
-r-Thc  welding  transformer  is 
designed  for  the  purpose  of 
making  welded  joints  by  heat- 
ing the  junction  of  the  metal 
with  an  electric  current.  The 
two  pieces  to  be  joined  are 
clamped  tightly  together  and 
the  secondary  of  the  irans- 
former  is  short-circuited 
through  this  contact.  Of 
course  the  resistance  of  the 
contact  is  high  as  compared 
with  that  of  the  rest  of  the 
secondary  circuit,  and  it  be- 
comes intensely  heated.  After 
a  few  seconds  the  two  pieces  fuse  together  at  the  joint.  When  they 
fuse  the  contact  resistance  immediately  falls  and  the  joint  cools  off 
and  is  finished.  Tlio  primary  coil  of  such  a  transformer  is  y;(MUMally 
wound    for    110  220   voHs   while    the    sccoiulaiN-    has   onlv   one    or    two 


Fig.  ;i:JU.     A  small 


transformer. 
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turns  and  so  generates  only  a  few  volts;  the  current  capacity  of  the  sec- 
ondarv'  is,  however,  verj'  high,  as  perhaps  thousands  of  amperes  are 
required  to  make  a  weld  quickly.  A  small  transformer  designed  for  making 
joints  in  pieces  not  more  than  ^  inch  diameter  is  shown  in  Fig  330.  The 
jaws,  in  which  the  pieces  to  \)o  wclde<l  are  clamped,  are  seen  at  the  top. 

251.  Instrument  Transformers. — Instrument  transformers  are  of  two 
types,  current  and  voltage  transformers.  It  is  not  easy  to  build  an 
ammeter  to  carry  thousands  of  amperes,  or  voltmeters  to  measure  the 
very  high  voltages  used  on  transmission  lines,  and  so  in  places  where  high 
currents  and  voltages  are  to  be  measured,  meters  of  low  ranges  are  used  in 
connection  with  suitable  instrument  transformers.  If,  for  example,  the 
voltage  of  a  2200-volt  line  is  to  be  measured,  a  step-down  transformer  with 
a  ratio  of  20  :  1  might  be  used  in  connection  with  a  voltmeter  having  a 
range  of  125  volts.  Such  a  transformer  is  called  a  potential  transformer;  it 
generally  has  a  full-load  capacity  of  only  a  few  watts,  i.e.,  just  sufficient 
to  operate  the  voltmeter. 

In  using  potential  transformers  it  must  be  remembered  that  they  will 
not  be  accurate  if  more  than  the  rated  load  is  taken  from  them;  also,  they 
cannot  be  used  as  step-up  transformers  if  accurate  results  are  required. 
A  transformer  having  a  ratio  of  60  :  1  stepping  down,  might  have  a  ratio 
of  1  :  57  when  used  as  a  step-up  trans- 
fonner. 

The  current  transformer  is  used 
when  very  heavy  alternating  currents 
are  to  \ye  measured.  An  ammeter  to 
carr>'  5000  amperes  would  be  very 
cumlxirsome  and  expensive;  besides, 
a  5-ampere  meter  in  connection  with 
a  current  transformer  answers  just  as 
well.  A  current  transformer  is  used 
also  when  it  is  desired  to  measure  the 
current  in  a  high-voltage  transmission 
line.  As  it  is  not  advisable  to  connect 
an  ammeter  directly  in  series  with  such 
a  line,  a  current  transformer  is  use<l, 
and  the  ammeter,  connected  in  the 
secondary',  is  thus  insulate<l  from  the 
high-tension  line.  Such  a  transformer 
is  shown  in  Fig   193. 

Fig.  331  shows  a  transformer  de- 
signed to  be   placed  over  the  station 

bus-bar  to  indicate  the  station  current.  It  has  a  ratio  of  1500  :  5  and  a 
5-ampere  ammeter  is  connected  in  its  secondary  circuit.    Of  course,  when 


Fig.  3.31. — A  current  transformer  in- 
tended for  installation  on  the  station 
bus-bar.  There  is  a  laminated  iron 
core  surrounding  the  hole  through 
which  the  bus-bar  passes  and  around 
this  core  is  wound  the  9ccondar>' 
coil  which  connecta  to  the  ammeter. 
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the  meter  indicates  the  full-scale  deflection  (i.e.,  5  amperes  on  the  usual 
calibration)  it  signifies  that  the  bus-bars  are  carrying  1500  amperes  and  so 
the  full  scale  of  the  meter  is  marked  1500  amperes,  etc. 


Fig.  332. — A  one-million-volt  testing  transformer;  one  high-tension  terminal  of  the 
transformer  is  grounded  to  the  case,  and  the  other  oome.s  out  through  the  spec- 
ially formed  bushing  on  the  top  of  the  transformer  case. 


When  a  current  transformer  is  carrying  current,  its  secondary  circuit 
must  not  be  opened.  Two  bad  effects  may  result:  either  the  transformer 
may  become  overheated  or  else  a  dangerously  high  voltage  may  be  gen- 
crated  in  the  open  secondary. 
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252.  The  Testing  Transformer.— All  apparatus  must  lx»  t<'stod  for 
insulation  Ix^foro  it  is  put  in  us<'.  The  voltage  us<hI  in  such  a  test  is  sjX'- 
cificnl  at  porha|)s  twice  the  normal  voltage  of  the  piece  of  apparatus  being 
tested,  WTienever  a  high-voltage  power  transformer,  for  example,  Ls  to  l>e 
tested,  then*  mu.st  Ix*  available,  for  making  the  test,  a  transformer  which 
can  generate  about  twice  that  of  the  transformer  being  tested.  Also  there 
is  require*!  a  high  voltage  for  making  corona-loss  tests,  tests  on  the  dielec- 
tric strength  of  air,  etc.  So  it  is  necessary  to  build  transformers  (for 
i.>i  |)urix)ses  only)  that  can  generate  between  500,000  and  1,000,000 
volts.  These  test  transfonners  do  not  have  as  much  capacity  as  their 
dimensions  would  indicate;  they  arc  very  bulky  because  of  the  space 
needed  for  the  separation  of  the  coils  to  give  proper  insulation. 

Fig.  332  shows  a  testing  transformer  built  for  one  million  volts.  One 
side  of  the  high-tension  winding  is  grounded  to  the  case  and  it  will  be 
seen  that  the  one  high-tension  terminal  required  is  actually  larger  than 
ihc  transfonner  itself. 

PROBLEMS 

1.  A  110-volt,  .5-kv.a.,  60-cyclc  transformer  has  a  core  cross-section  of  60 
sq.  cm.  and  average  length  of  magnetic  path  in  the  core  of  50  cm.  If  the  primary 
winding  has  150  turns,  what  is  the  eflfective  value  of  the  magnetizing  current,  and 
what  is  the  maximum  value  of  the  flux  density?  (Neglect  effect  of  current  distor- 
tion.) Use  the  B-H  curves  given  for  silicon  steel,  in  Fig.  49  of  Vol.  I.  If  the 
secondary  voltage  is  to  be  1200,  how  many  turns  must  be  u.sed  in  this  coil? 

2.  If  the  full-load  copper  loss  of  the  above  transformer  is  to  be  120  watts 
(etiually  divided  between  the  two  windings)  what  will  be  the  resistance  of  each  coil? 

3.  The  resistances  of  a  transformer  marked  110  volts  on  the  low  side,  are 
0.3  and  0.012  ohm.  If  the  current  density  and  average  length  of  turn  arc  the  same 
for  both  windings,  for  what  voltage  is  the  high-tension  side  designed? 

4.  A  3-kv.a.,  10-1  transformer  gives  110  volts  on  the  low-tension  side.  The 
copper  loss  is  equally  divided  between  the  two  windings  and  the  full-load  regula- 
tion is  2  per  cent.  On  the  assumption  that  there  is  no  reactance  drop  in  the  wind- 
ings (no  magnetic  leakage),  what  is  the  resistance  of  each  coil,  and  what  Ls  the  volt- 
age drop  in  each  at  full  load? 

6.  A  5-kv.a.,  60<ycle,  10-1  transformer  has  120  sq.  cm.  cross-section  of  core 
and  600  turns  in  the  high-tension  side.  \Vhen  the  voltage  impressed  on  the  coil 
is  KXX),  the  maximum  flux  density  in  the  core  is  6500  gausses.  What  would  be  the 
density  if  the  impressed  voltage  is  increased  to  1200?  If  with  this  voltage  the 
frequency  was  decreased  to  50  cycles,  what  would  the  flux  density  become?  What 
if  the  turns  were  decreased  to  500,  the  core  cross-section  increased  to  130  sq.  cm. 
and  the  frequency  changed  to  55  cycles? 

6.  Two  transformers  having  equal  weights  of  iron,  of  the  same  quality,  have 
flux  densities  of  4500  and  6500  gausses,  respectively.  What  is  the  ratio  of  the  two 
components  of  the  core  loss  in  the  two? 

The  eddy-current  loss  varies  as  the  sc^uarc  of  the  flux  density  and  as  the  scjuare 


324  THE  TRANSFORMER  [Chap.  VII 

of  the  frequency;   the  hysteresis  loss  varies  as  the  1.6  power  of  the  flux  density 
and  as  the  first  power  of  the  frequency.) 

7.  A  50  kv.a.,  60-cycle  transformer  has  220  watts  hysteresis  loss  and  45  watts 
eddy-current  loss  with  a  density  in  the  core  of  8500  lines  per  square  centimeter. 
What  would  be  the  effect  on  the  iron  loss  of  increasing  the  flux  density  to  11,000, 
by  raising  the  voltage.  How  will  it  be  changed  if  the  frequency  is  changed  to 
25  cycles  and  the  voltage  impressed  is  dropped  to  one-half  its  first  value? 

8.  If  a  25-cycle  transformer  is  operated  on  a  60-cycle  line  (same  voltage 
as  that  for  which  the  transformer  is  rated),  how  will  the  core  loss  compare  with  its 
normal  value? 

9.  If  the  density  is  not  to  exceed  4800  gausses,  what  must  be  the  number  of 
turns  used  in  a  2200-volt,  60-cycle  transformer  having  a  core  cross-section  of 
165  sq.  cm.? 

10.  A  25-kv.a.,  2200-110  volt  transformer  has  a  no-load  loss  of  175  watts  hihI 
primary  resistance  of  0.07  ohm.  What  must  be  the  resistance  of  the  secondary? 
Calculate  the  efficiency  of  the  transformer  for  every  quarter  load  to  50  per  cent 
overload. 

11.  Assuming  the  iron  loss  constant,  show  by  calculus  that  maximum  efficiency 
occurs  when  iron  loss  equals  copper  loss. 

12.  A  1100-1 10- volt,  10-kv.a.  transformer  is  loaded  as  follows:  2§  hours  full 
load,  5  hours  half  load,  5  hours  quarter  load.  Maximum  efficiency  occurs  at 
full  load  and  is  96.2  per  cent.     What  is  the  all-day  efficiency  of  the  transformer? 

13.  A  2200-110  volt,  25-kv.a.  transformer  has  primary  and  secondary  copper 
losses  equal.  The  resistance  of  the  110- volt  coil  is  0.007  ohm.  Total  fulHoad 
leakage  reactance  (in  terms  of  low  voltage  winding)  is  0.0012  ohm.  At  no  load  the 
input  reads  2200  volts,  1.3  amperes,  600  watts,  and  secondary  voltage  reads  112. 
What  is  the  secondary  terminal  voltage  when  delivering  250  amperes  to  a  resistive 
load?     Find  eflEiciency  for  loads  of  250,  150,  50,  and  10  amperes. 

14.  Having  three  10-1  transformers  with  950  turns  each  in  the  high-voltage 
windings,  how  many  turns  must  be  used  in  the  secondary  coils,  if,  when  the  pri- 
maries are  connected  in  delta  to  a  1100- volt  system  the  secondaries  connected  in  Y, 
are  to  give  119  volts  between  lines? 

15.  Three  60-cycle  transformers  to  transform  from  229  to  110  volts,  three-phase, 
are  to  have  primaries  in  Y  and  secondaries  in  delta.  If  the  flux  density  is  6500, 
and  the  core  cross-section  is  260  sq.  cm.,  how  many  turns  must  there  be  in  each  coil? 

16.  A  10-kv.a.  2200-220  volt  transformer  has  coil  resistances  of  5.45  and  0.0545 
ohm  respectively;  the  normal  iron  loss  is  126  watts  and  the  magnetizing  current 
is  5  per  cent  of  full-load  current.  Find  the  primary  current  and  efficiency  for 
secondary  loads  (resistive)  of  40,  30,  20,  10,  and  5  amperes. 

17.  Two  transformers  of  identical  ratings  have  equal  copjxjr  losses.  Trans- 
former A  has  an  iron  loss  of  125  watts  and  transformer  B  has  an  iron  loss  of  250 
watts.  How  much  more  will  it  cost  to  operate  transformer  B  per  year,  if  power 
costs  $0.04  per  kilowatt-hour  delivered  at  the  transformer?  If  each  dollar  invested 
is  required  to  earn  13  per  cent,  how  much  more  could  we  afford  to  pay  for  trans- 
former A? 
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253.  General  Construction. — An  induction  motor,  like  any  other 
motor,  consists  of  a  stationar>'  part  and  a  revolving  part.  The  stationary 
part  is  calleti  the  slator  and  the  revolving  part  the  rotor.  The  induction 
motor  derives  its  name  from  the  fact  that  the  rotor  is  not  connected 
electrically  to  the  source  of  power  supply;  whatever  currents  circulate"  in 
the  rotor  conductors  are  not  produced  directly  by  the  e.m.f.  of  the  power 
supply,  but  result  from  e.m.f 8.  induced  in  the  rotor  by  the  action  of  the  mag- 
'telle  field  set  up  by  the  stntor. 

264.  Principle  of  Operation. — The  principle  of  operation  of  the  induc- 
tion motor  is  just  the  same  as  that  of  any  other  type  of  motor;  the  rotating 
member  (rotor)  is  fitted  with  a  set  of  conductors  in  which  currents  flow 
and,  as  these  conductors  lie  in  the  magnetic  field  produced  by  the  sta- 
tionary part  (stator),  a  force  is  exerted 
on  the  conductors  and  the  rotor  tends 
to  revolve. 

The  motor  depends,  for  its  opera- 
tion, upon  the  generation  of  a  rotating 
magnetic  field  and  the  first  character- 
istic of  the  motor  to  be  examined  is 
this  rotating  iiiagnotir  field. 

255.  Rotating  Magnetic  Field. — A 
picture  of  the  stator  of  a  small  induc- 
tion motor,  w^ith  its  windings,  is  given 
in  Fig.  333.  From  this  illu.stration  it 
may  be  seen  that  the  stator  coils  are 
distributeti  over  the  inside  surface  of 
a  laminated  iron  core.  The  coils  are 
of  few  turns  and  resemble  very  much 
the  coils  for  the  armature  of  a  c.c. 
generator.  In  fact,  the  stator  winding  resembles  exactly  the  distribute<i 
or  lap  winding  of  an  alternator. 

We  saw,  when  studying  armature  reaction  in  a  jKjly phase,  rotating- 
fieUl  alternator,  that  when  the  anuature  was  carrying  current,  and  the 
field  was  rotating  at  synchronous  speed,  the  armature  win<lings  producetl 

325 


Fig.  333.— The  stator  (wound)  of  an 
induction  motor;  the  winding  re- 
Hemltlefl  that  of  the  armature  of  a 
funall  revolving-field  alternator. 
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an  m.m.f.  which  was  constant  in  magnitude  and  fixed  in  position  with 
respect  to  the  main  field.  With  the  field  rotating  at  synchronous  speed, 
for  the  m.m.f.  produced  by  the  armature  to  be  fixed  with  respect  to  the 
field,  the  m.m.f.  must  be  rotating  with  respect  to  the  armature  at  syn- 
chronous speed,  in  the  direction  in  which  the  field  is  rotating.  In  the 
alternator  air  gap,  flux  is  produced  by  the  main  field,  excited  by  continuous 
current;  in  the  induction  motor  the  m.m.f.  set  up  by  the  stator,  which  is 
wound  exactly  like  the  armature  of  the  rotating-field  alternator,  produces 
the  air-gap  flux. 

256.  Elementary  Representation  of  a  Stator  Winding. — It  is  seen  that 
the  stator  core,  like  the  armature  of  a  revolving-field  alternator,  has  no 
projecting  pole  pieces,  but  to  explain  the  production  of  the  rotating  field 
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Fig.  334.  Fig.  335. 

Fig.  334. — A  conventional  diagram  of  the  stator  of  a  two-pole,  two-phase  induction 
motor.  The  actual  motor  has  no  salient  poles  on  its  stator;  they  are  shown  here  to 
make  the  conception  of  the  rotating  magnetic  field  easier  to  grasp. 

Fig.  335. — Showing  the  voltages  and  currents  supplied  to  the  winding  of  Fig.  334. 


by  the  stator  in  another  and  an  easier  way,  we  shall  suppose  that  there  are 
salient  pole  pieces,  each  wound  with  an  ordinary  field  coil. 

The  diagram  of  such  a  stator,  for  a  two-phase,  two  poles  per  phase, 
motor  is  shown  in  Fig.  334.  Poles  1  and  3  are  wound  in  series  and  con- 
nected to  the  terminals  marked  phase  No.  1;  poles  2  and  4  are  similarly 
wound  and  connected  to  the  terminals  marked  phase  No.  2.  Moreover, 
these  poles  are  so  wound  that  a  current  through  coils  1  and  3  produces  a 
S  pole  at  1  and  a  N  pole  at  3 ;  coils  2  and  4  are  similarly  wound  in  such  a 
way  that  when  a  N  pole  is  produced  at  2,  a  S  pole  is  produced  at  4,  etc. 

Suppose  that  the  terminals  of  the  motor  are  connected  to  a  two-phase 
power  supply,  the  e.m.f.  waves  of  which  are  shown  in  dotted  lines  in  Fig. 
335.  In  the  two  windings  of  the  stator  there  will  flow  equal  currents, 
each  lagging  behind  the  impressed  e.m.fs.  by  the  same  amount,  because  of 
the  similarity  of  the  windings. 
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267.  Analysis  of  the  Field  at  Successive  Instants. — We  are  to  consider 
the  magnetic  field  produced  by  the  stator  windings  at  different  times, 
and  therefore  Fig.  335  is  marked,  U,  h,  <3,  etc.  to  represent  the  successive 
times.  At  a  time  ti,  the  current  /i  is  zero  and  hence  poles  1  and  3  (F'ig. 
334)  are  not  excited  and  have  zero  mag- 
netic flux  in  them.  At  the  same  time 
the  windings  on  poles  2  and  4  are  carr>'ing 
a  maximum  current  because  lo  is  a  maxi- 
nmm  at  the  time  ti;  suppose  the  polarity 
is  as  shown,  there  being  a  N  pole  at  2 
and  a  S  pole  at  4.  Then,  at  the  time 
/],  the  magnetic  field  is  in  the  condition 
shown  in  the  circle  marked  t\  in  Fig.  336, 
and  in  the  sketch  marked  ti  in  Fig,  337, 
.\t  a  time  ^2  (Fig.  335)  the  current  /i  is 
a  maximum  and  1 2  has  zero  value;  poles 
1  and  3  are  therefore  magnetized  while 
poles  2  and  4  now  have  zero  magnetism. 
This  gives  a  field  as  shown  in  the  circle 
marked  <2  in  Fig.  336. 

At  a  time  fa.  windings  1  and  3  carry 
no  current  and  windings  2  and  4  carr>'  a 
maximum  current,  but  this  current  is  in 
the  opposite  direction  to  what  it  was  at  the  time  U.  Hence  the  magnetic 
field  is  as  shown  on  the  third  circle  of  Fig.  336,  marked  fa.  At  a  time  U 
poles  1  and  3  are  magnetized  but  in  the  opposite  direction  to  what  they 
were  at  the  time  fa,  and  poles  2  and  4  have  no  magnetism.  This  con- 
dition is  shown  on  the  circle  U-     At  a  time  fa  the  magnetic  field  is  in  the 


Fig.  336. — K  we  imagine  the  winding 
of  Fig.  334  to  be  supplied  with  the 
currents  of  Fig.  335,  a  magnetic 
field  will  be  set  up,  having  polari- 
ties (at  times  ti,  tt,  etc.,  of  Fig.  3;J,5) 
as  indicated  in  the  cirrles  marked 
^1,  ti,  etc. 


Dinciion  of  magnetic  fleM  fer  MKb  Vt'ot  a  cjrcle. 


Fi< 


'.  '.  ',  '» 

:W7.     Anot  her  way  of  rrpresenting  the  aequonce  of  magnetic  6cld.<<  given  in  Fig.  336. 


same  direction  as  it  was  at  the  time  fa,  and  after  fa  the  previous  cycle  is 
rrpeated. 

At  an  instant  l^etween  fa  and  fa,  when  each  phase  is  carrying  positive 
current  of  instantaneous  value  equal  to  0.707  of  its  maximum,  there  will 
l)e  a  .V  pole  at  both  3  and  4  and  a  S  pole  at  both  1  and  2.  The  resultant 
flux  will  then  Ix*  inclined  upwards  to  the  left  in  Fig.  337. 
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This  succession  of  conditions  in  the  magnetic  circuit  is  evidently  equiva- 
lent to  a  rotating  magnetic  field;  this  may  be  seen  from  Fig  337  which  shows 
the  direction  of  the  fields  given  in  Fig.  336. 

258.  Action  of  a  Three-phase  Winding. — A  three-phase  winding  sup- 
plied with  three-phase  power  gives  a  rotating  field  in  exactly  the  same 
manner  as  has  just  been  described  for  a  two-phase  winding;  this  may  be 
seen  from  Figs.  270,  and  271.  These  figures  were  used  in  the  study  of 
armature  reaction,  or  of  the  effect  of  the  m.m.f.  set  up  by  the  armature  of 
an  alternator  upon  the  m.m.f.  of  the  main  field.  The  stator  winding  of 
an  induction  motor  being  identical  with  the  lap  windings  used  for  alter- 
nators, these  figures  may  be  used,  by  disregarding  the  field  poles  and  con- 
sidering that  the  armature  is  stationary,  to  show  that  when  three-phase 
currents  pass  through  the  windings  a  rotating  field  is  set  up  by  them. 

Figs.  256  to  259  showed  that  when  one  phase  of  a  three-phase  winding 
carried  current,  an  m.m.f.  was  set  up  which  varied  proportionately  with 
the  current  in  magnitude, but  which  was  fixed  in  position  with  respect  to  the 
phase  winding.  Fig.  270  considered  the  resultant  m.m.f.  of  three  phases, 
the  current  in  phase  No.  1  being  at  its  maximum  value;  this  "  stepped  " 
resultant  was  found  to  have  a  certain  magnitude  and  was  approximately 
replaceable  by  a  sine  wave.  Fig.  271  represented  an  instant  30°  later, 
the  current  in  phases  No.  1  and  No.  2  being  equal  to  0.866  of  their 
maximum  values,  and  that  in  phase  No.  3  being  zero.  The  "  stepped  " 
resultant  was  found  to  have  moved  30°  with  respect  to  the  armature,  and 

to  be  replaceable  by  a  sine  curve 
of  magnitude  equal  to  the  sine 
curve  in  Fig.  270. 

The  conclusion  to  be  drawn 
is  that  the  m.m.f.  set  up  by  the 
three-phase  armature  is  constant 
from  instant  to  instant  and 
moves  at  synchronous  speed 
with  respect  to  the  armature. 
The  fact  that  the  m.m.f.  set  up 
by  the  armature  is  replaceable  by 
the  same  sine  wave  at  any  instant 
means  that  the  field  set  up  is 
sinusoidal  in  its  space  distribu- 
tion, this  follows  because  of  the 
imiform  reluctance  of  the  mag- 
netic circuit  all  around  the  ma- 
chine; this  being  true  because 
there  are  no  salient  poles  on  the 
stator  or  rotor.     This  sinusoidally  distrihutod  magnetic  field  remains  of 
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338. — Magnetic  field   distribution  of 
four-pole  induction  motor. 
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the  same  strength  as  it  rotates,  that  is,  the  maximiini  strength  of  mag- 
netic field,  which  will,  of  course,  be  at  different  parts  of  the  stator  at 
different  moments,  will  always  l)o  of  the  same  magnitude. 

In  Fig.  338  is  shown  the  magnetic  field  distribution  of  a  four-pole 
motor;  it  has  maximimi  field  density  at  four  points  around  the  air 
gap,  .4,  B,  (',  and  /),  and  these  positions  of  maximum  density  are 
the  poles  of  the  motor,  in  so  far  as  it  has  any.  One  pole  is  centered 
in  the  line  X-Y,  where  the  flux  has  its  maximum  density,  Bomx-  The 
sinusoidal  distribution  of  flux  is  detemiinetl  by  the  fact  that  at  any  other 
position,  distant  5  elt'itricMl  tlrtrrrM's  from  X-Y,  tho  flux  hjis  a  density 
HtoMx  cosO. 

As  this  magnetic  helil  rotates  at  a  uniform  velocity,  it  follows  that  at 
any  fixetl  point  in  space,  the  flux  density  goes  through  sinusoidal  variations 
with  res|x>ct  to  time,  that  is,  B=Bn»Mx  sin  2rft,  where /is  equal  to  one-half 
the  numl)er  of  poles  (points  of  density  Ba»»x)  passing  the  point  in  question 
each  s<>e(>nd. 

259.  Speed  of  Rotation  of  the  Field.— By  referring  to  Figs.  336  and 
337,  it  is  seen  tiiat,  in  one  cycle  of  current,  the  magnetic  field  travels  from 
pole  1  all  the  way  around  the  stator  and  back  to  pole  1.  If  we  had  repre- 
sented a  stator  ha\ing  two  pairs  of  poles  per  phase,  an  analysis  of  the  rotat- 
ing field  would  have  showni  that  it  moves  half  way  around  the  stator  in  the 
time  required  for  one  cycle  of  the  current.  It  is  seen  that  the  magnetic 
field  travels  over  one  pair  of  poles  per  phase  for  one  cycle  of  current,  and  this 
irrespective  of  the  numlx^r  of  poles  or  phases.  A  two-phase  motor  having 
four  poles  per  phase  requires  two  cycles  of  current  for  a  complete  revolu- 
tion of  the  magnetic  field;  this  holds  true  whether  the  motor  is  two-phase, 
three-phas<»,  or  of  any  number  of  phases. 

When  it  is  stated  that  an  induction  motor  has  four  poles,  four  {xjhis 
|x»r  phase  is  always  meant.  A  four-pole,  three-phase  motor,  for  example, 
would  actually  have  twelve  coils  (or  sets  of  coils).  How  fast  will  the 
magnetic  field  revolve  in  such  a  motor  if  it  is  supplied  with  60-cycle  power? 
As  the  motor  has  two  pairs  of  poles  per  phase,  it  requires  two  cycles  of  cur- 
rent to  make  the  field  travel  all  the  way  around  the  stator.  As  there  are 
60  cycles  per  second  the  field  will  make  (60-5-2)  X60,  or  1800  r.p.m.  Con- 
sider an  eight-pole  motor  supplied  with  25-cycle  power;  it  would  require 
4  cycles  of  current  to  give  the  magnetic  field  one  complete  revolution; 
heiK-o  the  fiel<l  would  turn  (25-^4)X60  or  375  r.p.m. 

260.  Rotor  Speed.  Slip. — The  speed  at  which  the  field  of  an  induction 
motor  turns  is  called  the  synchronous  speed  of  the  motor.  We  shall 
find  that  the  rotor  never  turns  as  fast  as  the  magnetic  fiekl,  but  that, 
when  the  motor  is  carrying  load  it  turns  perhaps  5  to  10  per  cent 
slower. 

The  difference  between  rotor  s|xjed  and  fi*!'!  -i"'<.,|  is  tenncd  the  slip 
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Slip  may  be  expressed  in  r.p.ra.,  but  is  generally  expressed  as  per  cent  of 
the  synchronous  speed. 


synchronous  speed  — rotor  speed 

Thus  slip  (per  cent)  = r \ X 100. 

synchronous  speed 


(135) 


Suppose  a  60-cycle,  sixteen-pole,  three-phase  motor  has  a  slip  at  full 
load  of  6  per  cent;  at  what  speed  does  the  rotor  turn  at  full  load? 

Synchronous  speed  =  450  r.p.m.; 

Slip  =450X6  per  cent  =  27  r.p.m.; 

Rotor  speed  =  450  -  27  =  423  r.p.m. 

261.  Rotor  Construction. — There  are  two  types  of  rotor,  one  called  the 

squirrel-cage  rotor  and  the  other  the  wound  rotor.     The  cores  of  both  must, 


Fig.  339. — Showing  how  tlie  heavy  copper  bars  of  a  s(|uiriel-cage  rotor  arc  all  <;oimectcd 
together  at  their  ends  by  soldering  them  to  heavy  copper  rings,  these  having  holes 
properly  punched  to  slip  over  the  ends  of  the  bar  winding. 

of  course,  be  of  laminated  iron;  the  distinction  comes  from  the  manner  in 
which  the  conductors  of  the  rotor  winding  arc  connected  together. 

In  the  squirrel-cage  rotor  the  winding  consists  of  heavy  copper  bars 
embedded  in  slots  in  the  periphery  of  the  rotor,  and  these  copper  bars  are  all 
short-circuited  at  both  ends  of  the  rotor  by  being  soldered  to  heavy  copper 
rings.  The  rotor  slots  are  always  semiclosed  (see  p.  158,  Volume  I),  so 
that  the  bars  must  be  pushed  in  from  the  ends  of  the  rotor  core.  As  the 
voltage  generated  in  such  a  winding  is  low,  very  little  insulation  is  required 
on  the  bars;  in  fact,  a  heavy  coat  of  insulating  enamel  generally  proves 
sufficient. 

An  illustration  of  a  squirrol-cage  rotor,  showing  the  bars  and  short- 
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cirtuiiinjr  ring  is  given  in  Fig.  339.  The  bars  arc  not  always  place<l  par- 
allel to  the  sliaft,  but  arc  soniotimes  "  skewed  "  to  some  extent.  This 
skewing  t^nds  to  give  a  more  uniform  torque  in  starting  and  also  to  reduce 
the  hinnining  noise  niatle  when  the  machine  is  running. 

The  wound  rotor  is  equippe<l  with  a  winding  ver>'  similar  to  that  of  a 
revolving-annature  alternator.  The  different  conductors  are  insulated 
from  on<'  another  and  arranged  in  coils.  These  coils  are  generally  grotiped 
to  fonn  a  Y-connectetl  throo-phase  winding  and  the  three  ends  are  con- 
nected to  slip  rings  mounted  on  the  rotor  shaft  as  shown  by  the  left-hand 


right  rotor  has  an  encloeed  resistance,  the  low  left  has  a  squirrel-cage  winding,  acd 
the  upper  left  is  a  wound  rotor,  having  its  winding  connected  to  slip  rings  for  inser- 
tion of  external  resistance. 


rotor  of  Fig.  340.  This  type  of  winding  is  therefore  open-circuited  until 
the  brushes,  l)earing  on  the  slip  rings,  are  connected  together. 

The  external  circuit  through  which  these  brushes  are  connected  may 
be  of  low  or  high  resistance,  and  thus  the  resistance  of  the  rotor  circuit 
can  be  controlled  by  varying  the  resistance  of  this  external  circuit.  This 
is  done  through  a  controller  switch  similar  in  appearance  and  construction 
to  the  railway  controller. 

The  resistance  may  sometimes  be  located  on  the  spider  inside  of  the 
rotor  itself.  In  such  a  rotor  no  slip  rings  are  necessarj':  the  ends  of  the 
rotor  windings  are  connected  to  sliding  fingers  which  make  contact  with 
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the  resistance.  The  position  of  these  fingers  controls  the  amount  of  resist- 
ance in  the  rotor  circuit,  and  the  position  of  the  fingers  is  regulated  by  a 
lever  which  operates  a  sliding  sleeve  mounted  on  the  rotor  shaft. 

The  three  types  of  rotor  are  shown  in  Fig.  340;  the  brush  rigging  for 
the  slip-ring  rotor  is  also  shown. 

For  induction  motors  of  less  than  5  h.p.,  the  squirrel-cage  rotor  is  nearly 
always  used;  it  may  be  used  in  sizes  as  large  as  150  or  200  h.p.  For  larger 
motors  the  wound  rotor  with  external  resistance  is  generally  used,  for 
reasons  given  in  the  succeeding  paragraphs. 

262.  Development  of  Torque. — Consider  a  squirrel-cage  rotor  in  a 
revolving  magnetic  field.  A  cross-section  of 
the  magnetic  field  and  rotor  conductors  is 
shown  in  Fig.  341.  A  two-pole  motor  is  repre- 
sented and  it  is  supposed  that  the  field  turns 
counter-clockwise.  If  the  rotor  is  stationary 
(or  turning  at  any  speed  less  than  that  of  the 
field)  the  conductors  on  the  top  of  the  rotor 
will  have  a  positive  e.m.f.  induced  in  them 
(into  the  paper  in  the  figure)  by  application 
of  Fleming's  right-hand  rule,^  and  those  on 
the  bottom  will  have  a  negative  e.m.f.  (out 
of  the  paper  in  the  figure) .  And  as  the  rotor 
conductors  are  all  connected  together  by  the 
end  rings,  currents  will  flow  in  the  rotor  in 
the  same  direction  as  these  e.m.fs.,  so  that 
the  top  conductors  carry  current  away  from  the  reader  and  the  bottom 
conductors  carry  current  toward  the  reader. 

But  we  know  that  a  conductor  carrying  current  in  a  magnetic  field  is 
acted  on  by  a  force  which  tends  to  move  the  conductor  in  a  direction  at 
right  angles  to  itself.  It  is  seen  that  the  top  conductors  (Fig.  341)  have 
a  force  urging  them  toward  the  left  anrl  the  bottom  ones  have  a  force 
urging  them  toward  the  right.  Hence  the  rotor  develops  a  turning  effort 
which  tends  to  make  it  revolve  in  the  same  direction  as  that  in  which  the 
magnetic  field  is  turning;  in  other  words,  if  the  rotor  can  revolve  it  follows 
the  magnetic  field. 

It  has  been  shown  that  the  rotor  is  urged  in  the  same  direction  as  the 
magnetic  field.  Another  question  now  arises:  How  fast  will  the  rotor 
turn?  Suppose,  first,  that  there  is  no  load  on  the  motor  and  that  the 
friction  is  negligible,  so  that  the  rotor  is  perfectly  free  to  revolve.  As  long 
as  the  rotor  is  turning  at  a  speed  less  than  that  of  the  magnetic  field, 

'  Fleming's  right-hand  rule  considers  the  conductor  as  moving  with  respect  to  the 
flux;  here  the  conductors  are  to  be  considered  as  moving  in  a  clockwise  direction  if 
the  field  is  considered  as  stationary. 


Fig.  341. — -Conventional  repre- 
sentation of  rotor  winding 
and  stator  field,  to  show  how 
torque  is  developed. 
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c.in.fs.  arc  iiulucod  in  its  conductors,  currents  How  in  the  conductors,  and 
a  torque  is  devoloiXKl  which  tends  to  make  the  rotor  "  catch  up  "  with  the 
field. 

263.  Actual  Rotor  Speed  Always  Less  than  that  of  the  Field. — When 
the  rotor  has  caught  up  with  the  field  so  that  field  and  rotor  are  turning  at 
the  same  speed,  there  is  no  culling  of  the  magnetic  field  by  the  rotor  conductors, 
and  hence  no  currents  flow  in  the  rotor  circuits.  But  when  there  is  no 
current  in  the  rotor  there  can  be  no  torque  developed,  and  hence  the  rotor 
can  spee<l  up  no  more.  It  follows,  therefore,  that  the  limiting  speed  for 
the  rotor  is  the  same  as  the  speed  of  rotation  of  the  magnetic  field. 
Actually,  there  is  always  some  friction  for  the  rotor  to  overcome,  and 
hence  the  rotor  can  never  run  at  exactly  sj^nchronous  speed  (i.e.,  the  speed 
of  the  field),  but  it  approximates  it  very  closely.  In  a  certain  motor 
having  a  s>'nchronous  spee<l  of  900  r.p.m.  the  rotor  turned  898  r.p.m.  at  no 
load,  or,  wr  might  say,  the  rotor  had  a  slip  of  2  r.p.m.  or  about  0.2  per  cent. 

264.  Frequency  of  Rotor  Currents. — The  magnetic  field  utilizes  the 
rotor  core  for  part  of  its  path;  any  conductor  on  the  periphery  of  the 
rotor  will  therefore  have  a  sine  wave  of  voltage  induced  in  it,  the  fre- 
quency of  this  e.m.f.  being  the  same  as  the  frequency  of  the  power  supply 
if  the  rotor  is  stationarj'.  In  case  the  rotor  is  turning  in  the  same  direction 
as  the  field,  a  conductor  is  cut  by  the  revolving  magnetic  poles  less  fre- 
quently, and  therefore,  the  frequency  of  the  rotor  e.m.f.  diminishes  as  the 
rotor  speeds  up,  being  zero  if  the  rotor  should  happen  to  be  turning  at  the 
same  speed  as  the  field,  a  condition  which  never  occurs  in  motor  operation. 
As  the  speed  of  the  rotor  increases  (in  the  direction  of  the  rotating  field) 
not  only  does  the  frequency  of  the  rotor  e.m.f.  diminish,  but  the  magnitude 
of  the  e.m.f.  diminishes  also,  this,  like  the  frequency,  being  directly  pro- 
portional to  the  difference  in  the  speeds  of  the  rotor  and  the  field. 

265.  Distribution  of  Rotor  E.M.Fs. — The  ordinary  small  induction 
motor  has  a  squirrel-cage  winding,  a  set  of  bars  imbedded  in  the  rotor 
slots  with  short-circuiting  rings  connecting  all  the  bars  together  at  their 
ends.  Evidently,  at  a  certain  instant,  the  various  bars  of  the  rotor  will 
have  different  e.m.fs.  induced  in  them,  because  they  are  lying  in  fields  of 
different  density.  A  cnide  idea  of  this  voltage  distribution  is  given  in 
Fig.  342,  where  the  length  of  the  various  arrows  indicates  the  relative 
magnitude  of  the  e.m.f.  induced  in  the  different  conductors.  The  con- 
ductors at  the  positions  marked  A  in  Fig.  342  would  correspond  to  those 
in  the  densest  fields  in  Fig.  338.  As  the  magnetic  field  rotates  faster  than 
the  rotor,  the  inductors  of  the  rotor  which  have  the  maximum  e.m.f.  in 
them  continually  move  forward  over  the  surface  of  the  rotor,  so  that  in 
any  one  rotor  conductor  the  induee<l  e.m.f.  goes  through  alternating 
values,  the  numl)er  of  cycles  per  second  l)eing  fixed  by  the  relative  sixkhIs 
of  the  rotor  and  rotating  field. 
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266.  Reactance  of  Rotor  Circuits. — As  the  rotor  circuits  have  react- 
ance as  well  as  resistance,  the  current  which  flows  in  the  rotor  bars  will 
not  be  in  phase  with  the  rotor  e.m.f.,  but  behind  it  by  an  angle  depending 
upon  the  ratio  of  the  reactance  to  resistance.  As  the  e.m.f.  in  each  con- 
ductor is  a  sine  wave,  the  current  in  any  conductor  will  be  a  sine  wave, 
and  the  current  will  be  distributed  among  the  rotor  bars  in  just  the  same 
manner  as  is  the  voltage.  An  attempt  to  picture  this  is  shown  in  Fig.  343. 
The  full  lines  give  the  voltage  distribution  at  a  certain  instant,  and  the 
dashed  lines   show   the   currents  in  the  same  conductors  for  the   same 


Fig.  342. — The  distribution  of  induced  voltages  in  the  rotor  conductors  of  a  four-pole 
motor.  The  relative  lengths  of  the  heavy  lines  with  arrow-heads,  give  the  relative 
magnitudes  of  the  voltages  in  their  respective  conductors. 


instant.  It  is  seen  that  the  position  of  maximum  current  does  not  coin- 
cide with  that  of  maximum  voltage;  in  fact,  the  conductor  having  maxi- 
mum current  is  behind  that  having  maximum  voltage  by  an  electrical 

^      ,  ,       ,        ,     .  ^     reactance  of  rotor  circuits       ,  .  ,     . 

angle  6,  fixed  by  the  relation  tan  ^  =  resistance  of  rotor  circUts'  ^^^^^'  ^" 
the  case  of  the  four-pole  motor  shown,  is  represented  by  a  mechanical 
angle  just  half  as  large. 

267.  Torque  Exerted. — That  torque  will  be  exerted  by  the  motor  may 
be  predicted  from  the  fundamental  principle  that  a  conductor  carrj'ing 
current,  and  situated  in  a  magnetic  field,  experiences  a  force  which  is 
proportional  to  the  product  of  the  current  and  field  and  is  in  a  direction 
perp(nHlicular  to  both.     Now  the  magnelic  field  has  its  maximum  density 
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where  the  rotor  conciuctor  e.m.fs.  are  the  greatest;  hence  the  conductors 
having  the  greatest  rotor  current  arc  not  in  the  fields  of  maximum 
density,  as  they  should  be  to  get  maximum  possible  torque. 

As  the  current  in  the  rotor  bars  always  lags  somewhat  Ijehind  the 
e.m.f.  in  the  bar,  and  an  the  e.m.f.  takes  its  sign  from  the  polarity  of  the 
field  in  which  the  bar  is  lying,  it  will  be  seen  from  such  a  diagram  as  Fig. 
338  (or  by  analysis  of  Fig.  343),  that  some  of  the  rotor  conductors  are 
carrying  ixxsitive  current  but  are  situated  in  negative  magnetic  fields; 


Fiu.  343. — At  any  instant  the  distributiun  of  c.ni.fM.  in  the  various  rotor  bars  nuKiit 
lie  Hn  shown  by  the  heavj'  full  linos.  The  distribution  of  curn'tits  at  the  same  instant 
would  l)e  as  shown  by  the  dashed  lines,  the  current  values  lagging  l)ehind  the  cor- 
responding voltage  values  because  of  rotor  reactance.  The  currents  complete 
their  circuits  through  the  end-rings  of  the  rotor  windingx. 


owing  to  this  effect  the  net  torque  is  less  than  it  sliould  l)e.  By  increasing 
the  resistance  of  the  rotor  circuit  by  some  scheme  or  other,  the  angle  of 
lag  of  the  current  l)ehind  the  voltage  can  be  lessened.  This  angle  would 
also  lx»  lessened  if  the  reactance  of  the  rotor  circuit  could  be  lessened;  but 
after  the  rotor  is  once  built,  this  cannot  be  done  economically.  Of  course, 
increasing  the  resistance  of  the  rotor  circuit  will  diminish  the  current 
in  the  circuit,  but  this  diminution  in  current  will  not  at  first  decrease  the 
net  torque  as  nuich  as  the  decrease  in  angle  of  lag  incn'ases  the  torque. 
This  is  suggestetl  in  Fig.  344,  in  which  the  effect  of  incn>asing  the  rotor- 
circuit  H'sistancc  is  shown.    Small  increases  in  rotor-circuit  resistance  do 
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not  diminish  the  current  very  much,  but  they  do  materially  increase  the 
cosine  of  the  angle  of  lag,  and  the  greater  the  cosine  (for  a  given  current) 
the  greater  the  torque. 

It  may  be  shown  mathematically  that  maximum  torque  is  exerted 
when  the  rotor-circuit  resistance  has  been  increased  to  equal  the  rotor- 
circuit  reactance,  a  condition  which  exists  with  0.95  ohm  in  Fig.  344.  If 
the  rotor-circuit  resistance  is  further  increased  the  resultant  decrease  in 
current  decreases  the  torque  more  than  the  accompanying  increase  in  the 
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Fig.  344. — Showing  the  effect  of  rotor-circuit  resistance  in  the  starting  characteristics 
of  a  three-phase  induction  motor.  The  starting  (current  with  no  added  resistance 
in  the  rotor-circuit  is  more  than  five  times  the  rated  full-load  current. 


cosine  of  the  angle  of  lag  increases  it.  When  the  reactance  and  resistance 
of  the  rotor  circuits  are  equal,  the  angle  of  lag  of  the  rotor  currents  behind 
the  rotor  voltages  is  45°. 

268.  Starting  Characteristics  of  a  Squirrel-cage  Motor. — The  induc- 
tion motor,  especially  at  standstill,  is  seen  to  be  nothing  but  a  transformer 
with  short-circuited  secondar^^  The  current  taken  from  the  line,  if  the 
stator  is  directly  connected  to  it,  must  thus  be  very  large,  much  larger  than 
full-load  current.  The  case  is  not  (juite  as  bud  as  it  would  be  with  (he 
ordinary  constant-potential  transformer,  because  the  magnetic  leakage 
between  the  stator  and  rotor  circuits  is  much  greater  than  it  is  between 
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tho  priinan'  and  secondar>'  of  an  onlinarj'  transformer.  This  magnetic 
leakage  (large  because  of  the  air  gap  between  rotor  and  stator)  helps  to 
limit  the  current  taken  by  the  motor  at  starting.  But  even  so,  the  start- 
ing current  of  a  squirrel-cage  induction  motor  may  be  from  five  to  six 
times  full-load  current. 

The  second  bad  feature  in  connection  with  the  starting  of  a  squirrel- 
cage  motor  is  that  the  starting  torque,  per  ampere  in  the  stator,  is  low; 
thus  even  with  a  starting  current  of  five  to  six  times  full-load  current,  the 
starting  torque  will  only  be  about  twice  full-load  torque.  This  is  due  to 
the  fact  that  the  rotor  reactance  at  standstill  is  high  compared  with  the 
rotor-circuit  resistance,  so  that  the  cosine  of  the  angle  of  lag  of  rotor  cur- 
rent behind  rotor  e.m.f.  is  low. 

The  third  bad  feature  is  that  the  power  factor  of  the  starting  current 
is  very  low,  and  this,  combined  with  the  fact  that  the  current  is  large, 
produces  bad  fluctuations  in  the  line  voltage  when  such  a  motor  is  switched 
to  the  supply  line.  A  certain  5-h.p.  motor  caused  the  line  voltage  to  drop 
fr'>m  110  volts  to  102  volts  when  starting,  although  when  taking  its  normal 
full-load  current  and  nmning  at  its  normal 
speed,  the  line  voltage  held  up  to  109  volts. 
Such  a  fluctuation  in  the  line  voltage  is  pro- 
hibitive if  lamps  are  connected  to  the  line; 
and  even  if  there  is  no  lamp  load  to  suffer, 
sj'nchronous  motors  or  sj'nchronous  con- 
verters are  likely  to  be  disturl^ed  in  their 
operation  and  may  even  pull  out  of  step  if 
the  fluctuation  is  excessive. 

269.  Starting  of  Squirrel-cage  Motors. — 
Squirrel-cage  induction  motors  are  used 
where  only  occasional  starting  is  necessary, 
and  where  the  starting  torque  required  is 
not  above  the  full  rated  value  of  the  motor. 
To  limit  the  stator  current  to  reasonable 
values,  the  voltage  across  the  stator  is 
properly  reduced,  this  being  usually  done 
by  means  of  an  auto-transformer  or  com- 
pensalor.  Such  a  scheme  is  indicated  in 
Fig.  345,  the  auto-transformer  being  three- 
phase,  Y-connected. 

The  first  position  of  the  starting  switch 
(Fig.  345a)  performs  two  operations.  It 
connects  the  terminals  of  the  transformer  to  the  line,  on  the  line  side 
of  the  fuses,  thus  exciting  the  transformer,  and  also  connects  the  motor 
terminals  to  suitable  taps,  ^4,  B,C,  on  the  transformer,  thus  impressing 


Fio.  345. — Connections  of  a  com- 
pensator to  the  starting  switch; 
its  use  limits  the  starting  cur- 
rent taken  by  the  motor  to  a 
reasonable  value. 
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a  desired  voltage  (lower  than  line  value)  upon  the  stator.  After  the 
motor  has  come  up  to  speed,  a  second  movement  of  the  starting  switch 
(Fig.  3456)  quickly  transfers  the  motor  terminals  to  the  lines  A',  B',  C,  on 
the  load  side  of  the  fuses,  and  disconnects  the  auto-transformer  from  the 
line.  The  fuses,  being  designed  to  protect  against  overload  while  the 
motor  is  running,  must  not  be  connected  in  the  lines  while  the  heavy 
starting  current  is  being  drawn. 

The  auto-transformer,  besides  reducing  the  voltage  impressed  upon 
the  line,  also  reduces  the  current  taken  from  the  line.  Thus,  if  a  given 
motor  required  600  amperes  of  current  when  rated  voltage  was  impressed 
on  the  stator,  and  developed  twice  rated  torque,  when-  connected  across 
half-voltage  taps  on  the  transformer  the  motor  current  would  be  300 
amperes,  but  the  current  taken  from  the  line  by  the  transformer  would 
be  only  150  amperes. 

The  torque  of  an  induction  motor  varies  as  the  square  of  the  voltage 
impressed  upon  the  stator,  other  things  remaining  constant.     This  follows 


Fig.  346. — In  starting,  the  slip  rings  of  the  motor  are  generally  connected  to  a  variable 
three-phase  resistor,  arranged  in  the  Y-connection. 


when  we  consider  that  doubling  the  stator  voltage  doubles  the  flux, 
which  induces  twice  as  much  rotor  voltage,  and  results  in  the  doubling  of 
the  rotor  current.  The  torque,  being  proportional  to  the  product  of  flux 
and  rotor  current,  will  therefore  be  doubled  twice,  or  will  be  four  times  as 
great. 

With  the  motor  considered  above,  to  develop  rated  torque,  71  per 
cent  rated  voltage  must  be  impressed  upon  the  stator,  which  results  in  a 
current  of  0.71X600=426  amperes  to  the  motor  and  0.71X426  =  300 
amperes  from  the  line. 

270.  Rotor  Circuit  with  Variable  Resistance. — A  high-resistance 
squirrel-cage  rotor  would  have,  when  starting,  none  of  the  bad  features 
mentioned  above,  but  the  efficiency  of  a  squirrel-cage  motor  with  a  high- 
resistance  rotor  is  necessarily  low  and  the  speed  regulation  is  poor.  It  is 
therefore  advantageous  to  have  a  rotor  circuit  the  resistance  of  which 
may  be  made  equal  to  or  greater  than  the  reactance  at  standstill,  and  then 
reduced  as  the  motor  speeds  up  and  the  rotor  reactance  decreases.  As  it 
is  not  convenient  to  vary  the  resistance  of  a  squirrel-cage  rotor,  a  wound 
rotor  must  be  used.    A  wound  rotor  is  practically  always  fitted  with  a 
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three-i^ase,  Y-connect«d  winding,  the  open  ends  being  brought  to  slip 
rings;  a  Y-connected  resistance  is  then  connected  to  the  rings,  as  shown  in 
Fig.  346. 

The  effect  of  rotor  resistance  upon  the  starting  characteristics  of  a 
motor  was  shown  in  Fig.  344.  These  curves  were  obtained  by  a  labora- 
tor>'  test  of  a  small  motor  having  a  wound  rotor.  Various  resistances 
were  inserted  in  the  external  circuit  of  the  rotor  and  the  different  quantities 
measured.  As  the  rotor  itself  had  a  resistance  of  0.38  ohm  per  phase, 
the  quantities  could  not  be  measured  for  a  rotor-circuit  resistance  less  than 
this,  but  the  cu^^'es  were  extrapolated,  as  shown  by  the  dashed  lines. 

271.  Effect  of  Rotor  Resistance  upon  Starting  Characteristics. — It  is 
seen  from  these  results  that,  as  external  resistance  is  added  to  the  rotor 
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Fig.  347. — Running  characteristics  of  the  ordinar>'  and  small  induction  motor,  having  6 
poles  and  supplied  with  60-cycle  current. 


Ill  run, 


the  torque  and  the  power  factor  increase,  while  the  current 
decreases.  A  certain  total  resistance  (in  Fig.  344  this  is  0.95  ohm)  gives  a 
maximum  starting  torque;  if  more  than  this  is  inserted  the  torque  again 
falls  off.  The  proper  starting  resistance  for  this  motor  would  be  about 
7.3  ohms;  for  this  reswtance,  twice  rated  torque  is  exerted,  the  power 
factor  Ls  comparatively  high,  and  only  about  150  per  cent  of  rated  current 
is  drawn  from  the  line.  If  greater  torque  is  required  to  start  the  motor, 
the  resistance  may  be  decreased. 

272.  Running  Characteristics. — The  running  characteristics  of  the 
ordinary'  small  induction  motor,  whether  of  the  squirrel-cage  or  wound- 
rotor  type,  with  no  added  resi.^'tance  in  the  rotor  circuit;  are  about  as 
shown  in  Fig.  347.  The  no-load  current  (called  the  "  running-light  " 
current)  is  generally  between  20  an<l  40  per  cent  of  the  full-load  current. 
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The  current  increases  with  increase  of  load,  and  increases  more  rapidly 
for  the  overloads. 

As  an  induction  motor  is  loaded,  it  is  called  upon  to  increase  its  torque; 
in  order  to  exert  more  torque,  the  product  of  stator  flux  and  rotor  current 
must  increase.  The  stator  flux  remains  practically  constant,  so  that 
to  increase  the  torque  of  the  motor  the  rotor  current  must  increase;  this 
means  that  greater  rotor  e.m.f.  must  be  induced,  and  this  demands  greater 
slip.  Thus  the  speed  falls  off  slightly  as  the  load  increases,  the  decrease 
from  no-load  to  full-load  being  generally  less  than  10  per  cent  of  syn- 
chronous speed.  The  difference  between  the  field  speed  and  the  rotor 
speed  (i.e.,  the  slip)  increases  rapidly  with  overloads;  if  the  motor  is  loaded 
too  much,  it  stops  altogether  and  is  said  to  be  "  stalled."  Under  such 
conditions  the  circuit-breakers  (or  fuses)  in  series  with  the  motor  open 
the  circuit,  and  the  load  must  be  removed,  the  circuit  closed,  and  the 
motor  again  started.  This  maximum  load  point  is  generally  75  or  100 
per  cent  greater  than  the  rated  load  of  the  motor;  it  varies  with  different 
motors,  but  should  always  be  considerably  greater  than  the  rated  load, 
otherwise  the  motor  is  likely  to  be  "  stalled  "  frequently. 

273.  Efifect  of  Rotor  Resistance  upon  Operating  Characteristics. — 
The  motor  whose  characteristics  are  shown  in  Fig.  347  was  equipped  with 

a  slip-ring  rotor.  For  the  purposes 
of  the  test  the  rotor-circuit  resist- 
ance was  increased  by  inserting 
extra  resistance  between  the  brushes 
on  the  slip  rings  and  the  motor 
characteristics  were  again  obtained. 
The  results  are  given  in  Fig.  348. 
They  show  that  an  increase  in  rotor 
resistance  produces,  for  a  given 
load,  an  increased  slip,  a  decreased 
efficiency,  and  an  increase  in  cur- 
rent. Also,  the  maximum  load 
obtainable  from  the  motor  is  now 
only  6  h.p.,  whereas  with  no  extra 
resistance  it  was  nearly  10  h.p. 

If  still  more  resistance  were 
added  to  the  rotor  circuit,  the  speed 
and  efficiency  for  a  given  output  would  be  still  further  decreased.  If  too 
nmch  resistance  is  put  in  the  rotor  circuit,  very  little  output  can  be 
obtained  from  it;  practically  all  of  the  power  which  goes  into  the  statoi'  of  the 
motor  is  used  up  as  heat  in  the  rotor-circuit  resistance  grids. 

By  using  a  motor  with  a  wound  rotor  and  inserting  external  resistance, 
it  is  possible  to  obtain  good  starting  characteristics,  i.e.,  low  current, 
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high  torque  and  power  factor.  As  the  rotor  speeds  up  the  external  resist- 
ance is  gradually  cut  out,  and  the  motor  is  normally  operated  with  no 
external  resistance  in  the  rotor  circuit.  Thus  the  nmnin^  characteristics 
are  similar  to  those  of  the  squirrel-cage  motor,  but  the  starting  char- 
acteristics are  much  better  than  those  of  the  squirrel-cage  rotor. 

274.  Speed  Control. — »Several  methods  have  been  designed  for  vary- 
ing the  spetnl  of  an  induction  motor  for  a  given  output,  but  none  of  them 
is  very  successful;  the  induction  motor  is  essentially  a  const  ant -speed 
motor. 

Varialion  of  Rotor-circuit  Resistance. — ^The  first  method  consists  of 
inserting  resistance  in  the  rotor  circuit.  We  explained  in  the  last  para- 
graph that  this  will  cut  down  the  rotor  speed,  for  a  given  load,  but  that  it 
results  also  in  a  low  efficiency,  poor  speed  regulation,  and  reduced  h.p. 
output.  Hence  the  rotor-resistance  control  scheme  can  be  used  economi- 
cally only  during  the  time  the  motor  is  lx»ing  started ;  in  this  way  it  is  similar 
to  the  resistance  used  for  the  control  of  series  c.c.  railway  motors. 

Power  Supply  of  Several  Frequencies. — It  was  at  one  time  thought 
feasible  to  have  lines  of  two  or  three  frequencies  and  to  switch  the  motor 
from  one  line  to  the  other  as  a  change  in  speed  might  be  desired.  We  have 
shown  that  the  rotor  always  turns  with  a  speed  somewhat  less  than  that 
of  the  revolving  field  and  that  the  speed  of  rotation  of  the  field  is  determined 
by  the  frequency  of  the  power  supply.  A  motor  designed  for  25  cj'cles 
will  run  at  more  than  twice  its  rated  speed  if  connected  to  a  60-cycle  line. 
In  fact,  the  spee<l  of  the  motor  is  practically  proportional  to  the  frequency 
of  the  power  supply. 

A  motor  designed  for  a  low  frequency  can  safely  be  run  on  higher 
frequency  lines,  provided  the  mechanical  strains  in  the  rotor  are  not 
dangerous  at  the  higher  speetl.  But  a  motor  designed  for  60  cycles  should 
never  be  operated  on  a  25-cycle  line  Ix^cause  of  the  excessive  densities 
resulting  in  the  magnetic  circuit  and  the  correspondingly  high  hysteresis 
loss.  The  multiple-frequencj'  scheme  for  speed  control  never  came  into 
prominence,  owing  probably  to  the  complexity  of  the  wiring  and  station 
apparatus. 

Varying  the  Number  of  Pole.<{. — In  another  scheme  for  speed  control 
the  windings  of  the  stator  are  connected  through  a  series  of  switches;  by 
proper  operation  of  these  switches  it  is  possible  to  change  the  number  of 
poles  on  the  stator.  Thus  a  motor  might  have  its  windings  so  connected 
through  these  switches  that  when  they  are  thrown  one  way  the  motor 
has  eight  poles  and  when  thrown  in  the  opposite  way  the  motor  has  six 
poles.  This  scheme,  while  it  gives  an  efficient  speed  control,  requires 
rather  complicated  connections  on  the  coils  and  so  is  not  used  as  yet  to 
any  great  extent. 

Cascade  Connection. — In  some  installations  (notably  railway  equipment) 
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two  motors  are  connected  in  concatenation,  or  cascade.  The  stator  of 
the  first  motor  is  connected  to  the  line,  the  slip  rings  of  the  first  rotor  arc 
connected  to  the  stator  windings  of  the  second,  and  the  second  rotor 
circuit  is  closed  through  a  variable  resistance.  When  all  the  resistance 
is  cut  out  of  rotor  No.  2,  both  motors  operate  at  half  the  speed  they  would 
have  if  directly  connected  to  the  line  (with  rotor  short-circuited).  This 
scheme  is  only  applicable  where  two  equal  motors  are  connected  to  the 
same  load,  as  in  electric  cars. 

■  There  are  other  methods  for  controlling  the  speed  of  an  induction 
motor,  but  they  are  all  either  inefficient  or  complicated  and  high  in  first 
cost.  We  must  conclude  as  before  that  the  induction  motor  is  esseniiaUy 
a  conslant-speed  motor, 

275.  Induction  Motor  Used  as  a  Generator. — If  an  induction  motor, 
connected  to  a  polyphase  line  and  running,  is  driven  by  some  outside 
source  of  power  at  a  speed  greater  than  synchronous  speed  (in  the  same 
direction  it  had  as  a  motor)  the  machine  will  act  as  a  generator  and  so  will 
give  off  electrical  power  instead  of  absorbing  it.  An  induction  machine  so 
used  is  called  an  induction  generator  or  sometimes  an  asynchronous  generator. 
Such  an  induction  machine  cannot  operate  as  a  generator  unless  it  is  con- 
nected to  a  supply  line  of  fixed  voltage  and  frequency  and  is  then  driven 
above  synchronous  speed  for  this  frequency. 

The  amount  of  load  such  a  machine  furnishes  to  the  line  is  determined 
entirely  by  its  speed ;  if  it  is  driven  4  per  cent  above  synchronous  speed  it 
will  furnish  about  twice  as  much  power  as  though  its  speed  were  only 
2  per  cent  greater  than  synchronous  speed.     In  the  case  of  the  induction 

generator,  the  rotor  is  turning  faster 
than  the  magnetic  field  and  the  slip 
(i.e.,  difference  between  the  field  speed 
and  the  rotor  speed)  is  said  to  be 
negative. 

276.  Advantages  of  the  Induction 
Generator. — The  operating  curves  for 
a  large  induction  generator  are  given  in 
Fig.  349.  The  chief  advantage  of  this 
type  of  generator,  and  the  reason  for 
its  occasional  use  in  large  power 
stations,  is  its  short-circuit  characteris- 
tic. If  an  ordinary  alternator  were 
short-circuited  it  would  burn  up  in  a 
few  seconds,  but  if  an  induction  gen- 
erator  is  short-circuited  it  stops  generating  and  so  cannot  harm  itself. 

277.  Short-circuit  Risk  of  a  Power  Station. — The  operating  engineer 
often  uses  the  phrase  "  short-circuit  risk  of  a  station  ";    by  this  term  is 
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meant  the  danger  uf  huruiiiK  up  the  apparatus  of  a  station  whon  a  short - 
circuit  occurs  on  Ihe  bus-bars.  In  caso  the  short-circuit  occurs  in  a  place 
where  the  protective  apparatiLs  cannot  o|vrate,  there  is  much  danger  of 
burning  up  the  synchronous  generators  in  the  station.  Hut  when  the 
short-circuit  occurs  the  voltage  on  the  bus-lmrs  drops,  and  so  whatever 
induction  generators  are  connected  to  the  bus-bars  stop  generating  and 
so  do  thenisi'lves  no  harm. 

A  synchronous  generator  (i.e.,  an  ordinary  alternator),  on  the  other 
hand,  if  short -cireuitetl,  would  be  ver>'  quickly  tlamaged,  either  by  exces- 
sive mechanical  strains  or  else  by  overheating. 

A  station  having  50,000  kw.  capacity  of  synchronous  generators  and 
50,000  kw.  ca|>acity  of  induction  generators  in  parallel  with  them  has  a 
short-circuit  risk  of  only  50,000  kw.  while  its  operating  capacity  is  nearly 
100,000  kw.  It  is  thus  advantageous  to  have  a  good  share  of  the  gener- 
ators in  a  large  station  of  the  in(hiction,  or  asynchronous  type,  but  too 
many  induction  generators  would  result  in  a  low  power  factor  in  the 
station  and  hence  it  is  not  advisable  to  have  much  more  than  half  of  the 
generators  of  this  tyi>e. 

Induction  generators  are  not  extensively  used  at  present,  however, 
the  advantages  to  \yo  gained  by  their  short-circuit  characteristics  being 
equally  well  obtained  by  suitably  placed  reactors  in  bus-bars  and  gen- 
erator leads.     (See  Fig.  280.) 

The  regenerative  action  of  an  induction  motor  running  above  syn- 
chronous speed  is  u.sed  to  some  extent  in  electric  railway  installations; 
a  car  running  down  hill  ma^^'  drive  its  induction  motors  at  higher  than 
synchronous  speed  and  thus  furnish  power  to  the  rest  of  the  system.  In 
addition  to  the  saving  in  power  of  sjich  a  scheme,  there  is  the  advantage 
that  the  motors  are  acting  as  brakes,  thus  saving  the  braking  equipment. 
Induction  motors  installed  for  hoisting  purposes  may  be  usetl  as  induction 
generators  in  the  same  way. 

PROHLKMS 

1.  Construct  a  table  showing  syiichn)n()u.s  speed.s  for  2,  4,  6,  8,  10,  and  12- 
pole,  three-phase  motors,  for  (iOK'ycle  and  2o-cyclc  power  supply. 

2.  An  H-pole,  00-cycle.  3-phase  motor  has  what  fre<iuency  currents  in  the 
rotor  when  mnninj?  at  898  r.p.m.?  850  r.p.m.?  7  per  cent  slip?  100  per  cent  slip? 

3.  The  stator  and  rotor  of  a  220-volt  induction  motor  are  each  Y-c<»nnect(Hl. 
When  the  stator  current  is  50  amixres  (full  load)  the  rotor  current  L<  12<)  ain|)eres. 
At  5  per  cent  slip,  wliat  is  the  magnitude  and  fre<iuency  of  the  giMierated  voltajre 
|x»r  pha.'^e  in  the  rotor?     (Use  transformer  turn-ratio  relations.) 

4.  The  flux  density  and  volume  of  iron  used  in  the  rotor  and  stator  <»f  an  iiuUic- 
tion  motor  are  the  same.  How  do  the  eddy-current  losses,  and  hysteresis  los.*<es, 
compare  when  the  rotor  Is  nmning  wth  2  per  cent  slip?  10  per  cent  .slip?  Stand- 
still? 
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5.  A  stator  has  48  inductors.  Give  a  winding  diagram  to  make  a  4-|x)le, 
3-phase,  Y-connected  stator. 

6.  A  150-h.p.,  220-volt,  60-cycle,  8-pole  motor  has  a  delta-connected  stator 
and  a  Y-connected  rotor.  With  full  load  the  efficiency  is  93  per  cent  and  the  power 
factor  is  86  per  cent.  There  are  288  stator  inductors  and  224  rotor  inductors. 
Neglecting  the  magnetizing  current,  what  are  the  stator  and  rotor  currents  at  full 
load?  At  standstill  what  e.m.f.  is  induced  in  each  phase  of  the  rotor?  At  what 
frequency? 

7.  If  the  standstill  reactance  (per  phase)  of  the  rotor  of  Prob.  6  is  0.26  ohm, 
at  what  speed  will  the  rotor  turn,  if  generating  maximum  possible  torque,  with  a 
Y-connected  resistor  of  0.072  ohm  per  phase  used  to  complete  the  rotor  circuits,  the 
rotor  resistance  being  0.016  ohm  per  phase? 

8.  The  total  no-load  losses  in  a  440- volt,  30-h.p.,  Y-coimccted  motor  are 
1220  watts.  The  maximum  magnetizing  ampere-turns  required  for  the  air  gap 
are  220,  and  for  the  iron  are  44.  There  are  10  turns  per  pole  per  phase.  What  is 
the  no-load  current  (effective  value),  and  what  is  the  power  factor.  If  the  turn 
ratio  is  one  to  one,  what  is  the  approximate  value  of  the  stator  current  and  its  power 
factor,  if  the  rotor,  lightly  loaded,  is  carrying  10  amperes? 

9.  A  60-cycle,  4-pole,  3-phase  induction  motor,  having  a  rotor  resistance  of 
0.062  ohm  per  phase,  shows  maximum  torque  with  a  speed  of  1560  r.p.m.  What 
is  the  self-inductance  per  phase  of  the  rotor? 

10.  How  much  resistance  is  to  be  used  in  each  phase  of  a  Y-connected  resistor, 
if  the  motor  of  Prob.  9  is  to  give  its  maximum  possible  torque  at  standstill? 


CHAPTER  IX 
THE  SYNCHRONOUS  MOTOR 

278.  Feasibility  of  Running  an  Alternator  as  a  Motor. — If  two  alter- 
nating-current generators  arc  operating  in  parallel  on  the  same  bus-bars 
and  the  driving  power  is  taken  away  from  one  of  them,  H  mil  {in  general) 
continue  to  run  at  exactly  the  same  speed  it  had  before  the  driving  power  was 
taken  off. 

Suppose  two  engine-driven  generators,  op>erating  in  parallel,  are  run- 
ning at  720  r.p.m.  An  accurate  speed-indicating  device  is  put  on  one  of 
them,  so  that  its  speed  can  be  read,  then  the  steam  is  shut  off  from  the 
engine  to  which  this  generator  is  connected.  We  should  naturally  expect 
the  generator  to  slow  down  and  stop  when  its  driving  source  is  removed, 
but,  by  watching  the  speed  indicator  while  the  steam  is  being  shut  off 
from  the  engine,  we  may  see  that  the  alternator  not  only  does  not  stop 
but  does  not  perceptibly  change  its  speed  while  the  steam  is  being  shut 
off.  The  speed  does  not  even  drop  to  719.9  r.p.m.  but  remains  at  720 
r.p.m.,  provided  the  speed  of  the  other  alternator  is  held  constant  at  720 
r.p.m.  during  the  operation. 

279.  Reversal  of  Operation. — Now,  a  machine  cannot  rotate  unless  it 
is   being   supplie<i  with   power,  and  as 

the  steam  engine  is  delivering  no  me- 
chanical power  it  is  evident  that  the 
machine  must  be  receiving  electrical 
power.  Suppose  that  two  single-phase 
alternators  are  operating  in  parallel  as 
shown  in  Fig.  3.50  and  that  the  power 
output  of  No.  2  is  indicated  by  the 
wattmeter  W.  It  is  supposed  that  W 
is  so  connected  that  when  alternator 
No.  2  is  helping  No.  1  to  carr>'  the  load 
it  reads  positive  power  or  power  output.  Now  when  the  steam  is  shut  off 
from  the  prime  mover  of  No.  B  it  will  be  noticed  that  W  indicates  nega- 
tive pouter  or  power  input;  that  is,  generator  No.  2  is  running  as  a  motor 
and  when  so  nmning  it  is  styled  a  .tynchronous  motor. 

280.  Speed  of  a  Synchronous  Motor. — An  alternator  which  is  to  be 
used  as  a  sj'nchronous  motor  differs,  in  some  features  of  design,  from  a 
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generator  in  order  that  it  may  be  better  adapted  to  the  particular  purpose 
for  which  it  is  to  be  used,  but  essentially  a  synchronous  motor  is  nothing 
but  an  alternating-current  generator  reversing  its  normal  manner  of 
operation.  In  two  respects  the  synchronous  motor  and  generator  are 
identical;  they  both  have  separately  excited  fields  (generally  rotating) 
and  they  both  run  at  synchronous  speed,  no  matter  what  the  load  may  be. 
A  10-pole  synchronous  motor  supplied  with  25-cycle  power  would  run 
300  r.p.m.  no-load,  300  r.p.m.  half-load,  and  300  r.p.m.  full-load,  and  the 
same  speed  even  if  overloaded.  But  a  10-pole  generator  running  300 
r.p.m.  would  generate  an  e.m.f.  of  25  cycles  per  second;  hence  the  signifi- 
cance of  the  term  "  synchronous  "  motor. 

281.  Operation  of  a  Synchronous  Motor. — As  a  synchronous  motor,  of 
itself,  has  no  starting  torque,  some  auxiliaiy  device  must  be  used  to  bring 
it  up  to  speed.  Consider  a  four-pole  field  structure  excited  by  continuous 
current,  with  an  armature  carrying  a  single  coil,  the  coil-sides  of  which  are 
A  and  B,  as  in  Fig.  351a.     With  the  armature  stationary,  when  an  alter- 
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Yic  351. — To    show    why   ;i    synchronous   motor,  operating    at   synchronous  speed, 
develops  unidirectional  torque. 


'dV^^t"^S  current  of,  say,  60  cycles,  is  passed  through  the  coil,  there  will  be 
<  60  impulses  per  second  tending  to  cause  the  armature  to  move  in  a  clock- 
^>  wise  direction,  and  60  impulses  per  second  tending  to  make  the  armature 
i  5,  move  in  a  counter-clockwise  direction.  Whenever  the  current  is  flowing 
-<^  into  the  paper  in  coil-side  A,  the  coil  will  be  urged  to  the  left;  and  at 
■v  instants  when  the  current  in  A  is  flowing  out  of  the  paper,  the  coil  will  be 
urged  to  the  right;  the  net  torque  acting  on  the  coil  will  therefore  be 
-;  zero. 

1,  Consider,  however,  that  the  armature  is  rotating  in  clockwise  direc- 
"^tion  at  synchronous  speed  and  that,  at  the  instant  shown  in  Fig.  3516,  the 
9  current  is  at  its  maximum  value  and  is  flowing  out  of  the  paper  in  .4  and 
I  into  the  papcnTr"]&^  Each  Ijoil-sidc  will  at  this  instant  exert  a  torque 
y  tending  to  rotate  the  armature  in  clockwise  direction,  the  direction  with 
which  the  armature  was  assumed  as  turning  at  synchronous  speed. 

One-half  cycle  of  the  current  later,  the  direction  of  the  current  in  both 
coil-sides  will  be  reversed;  in  A  it  will  be  flowing  into  the  paper  with  max- 
imum value  and  in  B  it  will  be  flowing  out  of  the  paper  with  the  siune 
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value.  Since  the  armature  is  turning  at  synchroudus  speetl,  during  the 
time  the  current  in  eoil-side  .4  has  Innm  decreasing  from  maximum  value 
out  of  the  paper  to  maxinuim  vahie  into  the  paper,  coil-side  ^4  will  have 
moveil  180  electrical  degre<»s  from  its  position  as  shown  in  Fig.  3516,  and 
will  U'  in  the  positioti  shown  in  Fig.  35 Ic.  The  torque  exerte<l  by  both 
coil-sides  will  again  be  such  as  to  ui^e  the  armature  in  clockwise?  direction, 
since  both  the  <lirection  of  the  current  flowing  in  a  coil-side  and  that  of 
the  flux  in  which  it  is  situat^ni  are  now  reversed. 

The  above  discussion  shows  that  the  torque  exerted  by  a  single  coil, 
moving  at  synchronous  speed  as  in  Fig.  351,  is  pulsating,  but  always  in 
the  same  direction;  with  a  polyphase  winding  the  torque  exerte<l  is  con- 
stant. The  discussion  also  indicates  why  the  armature  can  maintain  its 
rotation  only  when  it  is  exactly  at  synchronous  speed. 

282.  Starting  Characteristics. — As  explained  above,  the  sy-nchronous 
motor  may  be  started  by  some  auxiliarj*  driver  and,  after  being  brought 
up  to  synchronous  sjxhhI  and  projx'r  voltage,  it  may  Ix^  connecte<l  to  the 
line  just  as  though  it  were  an  "  incoming  "  alternator.  (A  description  of 
the  operations  necessarj-  to  synchronize  an  incoming  alternator  was  given 
on  page  282.)  If  a  separate  starting  device  is  use<l  it  is  generally  a  small 
induction  motor  (of  5  to  10  per  cent  of  the  rating  of  the  sj'nchronous  motor) 
mounted  on  the  same  shaft  with  the  armature  of  the  sj'nchronous  motor. 

If  a  source  of  c.c.  current  is  available,  and  the  exciter  of  the  motor  (to 
l>c  discusse<l  later)  is  mounted  on  the  same  shaft,  the  exciter  is  sometimes 
used  to  start  the  s>-nchronous  motor. 

If  an  induction  motor  is  used  it  must  have  at  least  one  pair  of  poles 
less  than  the  s>'nchronous  motor,  othen^'ise  the  sj'nchronous  motor  could 
not  be  brought  up  to  s\'nchrenous  speed.  This  is  because  the  speed  of  an 
induction  motor  is  from  5  to  10  per  cent  less  than  synchronous  spee<l.  If 
a  ten-pole  s>'nchronous  motor  is  to  be  started  by  an  induction  motor  the 
latter  will  have  only  eight  poles.  Suppose  the  power  supply  is  60  cycles; 
then  the  s\'nchronous  speefl  is  720  r.p.m.  for  a  ten-pole  machine  and 
1M)0  r.p.m.  for  an  eight-pole  machine.  The  induction  motor  would  there- 
fore be  designed  to  run  at  a  speed  20  per  cent  (180  r.p.m.)  less  than  s>'n- 
chronous  when  it  is  supplying  a  loatl  just  equal  to  the  stray  pmter  Untsea  of 
the  s>'nchronous  motor.  It  is  always  wound  for  the  same  voltage  an<l 
numl)er  of  pha.ses  as  the  sj'nchronous  motor,  so  that  the  same  bus-bars 
may  lx»  use<l  to  feed  lH)th  motors. 

283.  Induction  Motor  Method  of  Starting.—  .\nother  method  of  start- 
ing is  calle<l  the  induciion  motor  method.  In  this  method  no  extra  starting 
motor  is  necessan'  as  the  synchronous  motor  itself  is  made  to  act  as  an 
induction  motor.  We  have  s<H»n  that  when  an  armature,  wotmd  with  a 
poh'phasc  winding,  is  supplietl  with  polyphase  currents,  it  generates  a 
rotating  magnetic   field.     This  rotating   magnetic   field   produces  eddy 
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currents  in  the  pole  faces  and  the  starting  wivding  (see  next  paragraph), 
and  these  eddy  currents  react  on  the  armature  to  make  it  revolve.  By 
this  action  the  armature  is  accelerated  until  synchronous  speed  is  reached. 
During  the  period  of  acceleration  the  field  of  the  synchronous  motor  is 
left  without  excitation;  after  synchronous  speed  has  been  reached  it  is 
gradually  excited  and,  if  the  armature  current  decreases,  the  excitation  is 
increased  until  the  normal  value  is  obtained.  It  sometimes  happens  that 
the  armature  pulls  into  synchronism  with  improper  polarity,  in  which 
case  the  armature  current  will  increase  as  the  field  current  is  increased.  If 
the  c.c.  field  of  the  motor  is  strengthened  somewhat,  the  motor  will  "  slip 
a  pole  and  come  into  step,"  the  armature  current  increasing  momentarily 
during  the  operation. 

284.  High  Starting  Current  and  Low  Torque. — The  current  taken  from 
the  line  for  starting  a  synchronous  motor  in  this  manner  is  generally  two 
or  three  times  the  full-load  current,  but  in  spite  of  this  large  current  the 
starting  torque  is  not  high  unless  the  machine  has  been  properly  designed. 
It  was  said  that  this  method  of  starting  depended  upon  the  reaction  of  the 
eddy  currents  in  the  pole  faces,  but  with  a  laminated  pole  we  know  these 
currents  cannot  be  high  because  of  the  subdivision  of  the  path  for  the  eddy 

currents.  To  remedy  this 
defect  a  bar  winding  is 
generally  fitted  in  the  pole 
faces,  thus  permitting  the 
necessary  currents  to  flow 
in  the  pole  faces  when 
starting;  this  is  generally 
called  the  starting  winding. 
285.  Starting  Winding 
in  Pole  Faces. — This  con- 
sists of  heavy  bars  of  brass 
or  copper  imbedded  in 
slots  in  the  pole  faces  (the 
direction  of  the  slots  is 
parallel  to  the  armature 
shaft)  and  short-circuited 
at  their  ends  by  brass  end 
rings,  as  in  Fig.  352.  It 
will  be  seen  that  the  bars 
and  end  rings  really  con- 
stitute the  equivalent  of 
the  rotor  of  a  squirrel-cage  induction  motor.  The  cage  winding  also  tends 
to  damp  out  oscillations  of  the  armature  (called  "  hunting  ")  and  because 
of  this  action  the  winding  is  sometimes  called  a  "  damping  winding." 


Fig. 


352. — Showing  the  heavy  bar  winding  in  the 
pole  faces  of  a  synchronous  motor. 
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286.  Low-voltage  Taps  for  Starting. — In  starting  a  motor  by  the  induc- 
tion method,  it  is  not  feasible  to  connect  it,  when  stationary,  to  the  line  of 
normal  voltage,  because  the  starting  current  would  be  so  excessive  (from 
5  to  10  times  the  rated  current)  that  the  armature  winding  might  be 
injured.  Therefore  the  transformers  feeding  the  motor  are  usually  fitted 
with  half -voltage  taps  and  power  is  taken  from  these  tapw  to  the  lower 
sides  of  a  double-throw  switch,  to  the  blades  of  which  the  motor  armature 
is  connected  as  in  Fig.  353. 
The  starting  switch  is 
thrown  down  at  first  and 
held  there  until  the  motor 
reaches  synchronous  speed, 
when  it  is  quickly  thrown 
to  it«  upper  position,  which 
is  the  nmning  p>06ition. 

287.  Excitation.— Of 
course,  the   field  circuit  of 
a    sjrnchronous    motor   re- 
quires  continuous  current. 
As  the  a.c.  line  feeding  the 
motor   cannot  furnish   the 
current  for  excitation  some 
separate     source    of     c.c. 
power  is  required.     Some- 
times a  small  c.c.  self-exciting  generator  is  mounted  on  the  shaft  of  the 
synchronous  motor,  as  shown  in  Fig,  354;  the  output  of  this  small  c.c. 
generator  is  just  sufficient  to  supply  the  power  for  the  field  circuit  of 
the  s>'nchronous  motor,  perhaps  3  per  cent  of  the  rating  of  the  motor. 

288.  Speed-load  Curves. — The  speed  of  a  synchronous  motor  is  abso- 
lutely constant  throughout  its  range  of  operation.  If  an  excessive  over- 
load is  put  on  the  motor,  it  will  pull  out  of  sj'nchronism  with  the  line  and  a 
very  heavy  current  will  rush  through  the  armature.  This  causes  the 
circuit  breakers  to  open  and  the  motor  is  cut  off  from  the  supply  line  and 
stops.  It  must  then  be  re-started  and  synchronized  as  described  in  a 
previous  paragraph.  That  overload  at  which  the  motor  falls  out  of  syn- 
chronism is  called  the  "  pvdl-out  "  point;  generally  this  is  between  75 
and  150  per  cent  overload. 

289.  Use  of  Synchronous  Motors. — Speed-load  curves  for  two  motors 
are  given  in  Fig.  355.  The  shape  of  these  curves  shows  that  the  syn- 
chronous motor  is  entirely  unsuited  for  loads  requiring  a  variable  speed 
such  as  railway  work,  or  for  driving  machine  tools.  It  has  been  used 
chiefly  in  frequency-changing  motor-generator  sets  and  more  recently  is 
being  used  in  ship-propulsion. 


Fig.  353. — A  8>'nchronous  motor  is  generally  started 
by  means  of  a  compensator  and  two-throw 
switch,  so  as  to  limit  the  starting  current  to  a 
reasonable  value. 
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The  motor-generator  sets  are  generally  used  in  connection  with 
25-cycle  transmission  lines.  A  25-cycle  synchronous  motor  is  direct- 
connected  to  a  60-cycle  generator  which  furnishes  power  to  local  lighting 
circuits.  This  transformation  is  necessary  because  25  cycles  per  second 
is  too  low  to  use  for  lamps,  as  bad  flickering  results.  The  synchronous 
motors  of  these  sets  are  also  used  to  regulate  the  power  factor  of  the 

transmission  line,  as  de- 
scribed in  a  later  para- 
graph. 

290.  Phase  Character- 
istics or  "V"  Curves. — 
Suppose  a  synchronous 
motor  is  running  light  and 
the  field  current  is  at  its 
normal  value;  the  arma- 
ture current  will  be  quite 
small,  in  fact,  just  enough 
to  supply  the  no-load 
losses.  //,  now,  the  field 
current  is  altered,  either 
above  or  below  its  normal 
value,  it  will  be  noticed 
that  the  armcUure  current 
rapidly  increases;  for  very 
low  or  veiy  high  values  of 
the  field  current  the  arma- 
ture current  may  be  much 
greater  than  the  full-load 
current  although  the 
motor  is  running  light. 
If  the  locus  of  the 
Fig.  354.— The  exciter  for  the  synchronous  motor  is  armature  current  per  line 
frequently  mounted  on  the  shaft  of  the  motor  itself .       is     plotted,     it     forms     a 

V-shaped  curve,  as  shown 
in  the  full-line  curve  3  of  Fig.  356.  If,  now,  the  motor  is  loaded 
(mechanically)  up  to  its  rating  and  the  field  current  again  carried  through 
as  wide  a  range  as  possible,  ciirve  1  will  be  obtained.  For  half  load,  a 
curve  similar  to  the  one  numbered  2  would  be  obtained.  These  curves, 
showing  the  relation  between  the  armature  current  and  the  field  current 
for  a  fixed  load,  are  called  the  phase  characteristics,  or  "  V  "  curves,  of  the 
synchronous  motor. 

291.  Variation  of  Power  Factor  with  Field  Current. — If  the  power  input 
were  measured  as  well  as  the  armature  curnMit,  the  power  factor  could  be 
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calculatetl,  the  line  voltaic  l)ein}?  known.  For  the  diflferent  loatls  th< 
|)ower-factor  curves  would  resemble  those  shown  in  dotted  lines  in  Fit:. 
356.  From  these  curves  it  may  lie  seen  that  although  a  variation  in  the 
field  current  (from  nomial)  is  accompanied  by  an  increase  of  the  armature 
current,  the  power  inpiU  to  the  motor  is  practically  unaltered  because  of 
the  decreas«Hl  power  factor. 

We  must  conclude  that  field  currents  other  than  normal  cause,  in  the 
armature  circuit,  either  a  leading  or  a  lagging  current,  the  amount  of  load 
or  lag  depending  upon  how  much  the  field  has  l)een  changed  from  its 
nonnal  value.  If  a  power-factor  meter  had  Ix^n  used  in  the  V-curv-e 
test,  it  would  have  indicated  that,  with  fields  greater  than  normal,  the 
motor  took  a  leading  current  from  the  line,  while  with  less  than  normal 
excitation  the  motor  took  a  lagging  current  from  the  line.    This  idea  is 


lJIN>le     flOCjclelMotor              ! 

is  SCO 

s 

a 

' 

1 

1 

1 

£ 

•  1 

\M 

!  s 

»q 

ele 

Motor 

* 

\ 

1 

i 

-a- 
O 

1 

3 

^ 

1 
1 

2i 

S3» 

! 

i 

• 

i 
I 1 — 

too: 


^OQI. 


10    11 


Pield  Current 
FlO.  356. 


Fig.  356. 

Fk;.  355. — Spocd-Ioad  curves  for  s>Tichronou8  motors. 

Fi(>.  356. — If,  with  the  load  held  constant,  the  field  current  of  a  synchronous  motor  is 
varied,  the  armature  current  changes  as  shown  by  these  "V"  curves. 


generally'  expressed  by  saying  that  an  overexcited  synchronous  motor  draws 
a  hading  current  and  an  underexciled  moU/r  a  lagging  current. 

292.  Reason  for  Reactive  Current. — The  reason  for  these  facts  becomes 
apparent  when  we  consider  the  circuit  made  up  of  the  synchronous  motor 
annature,  the  Une,  and  the  aniiature  of  the  generator  supplying  the  line,  as 
shown  in  Fig.  357.  Let  ^T, represent  the  generator  voltage  per  phase,  and  Em 
the  e.m.f.  generated  in  the  armature  of  the  motor  per  phase;  any  current  which 
flows  in  this  circuit  must  then  be  caused  by  the  resultant  of  Em  and  E,. 

In  Fig.  358  are  shown  the  possible  relations  of  these  vectors.  First, 
assuming  no  load  and  neglecting  the  stray  power,  we  see  that  when  Em 
and  Eg  are  equal  and  opi>osite,  the  resultant  e.m.f.  in  the  circuit  in  zero, 
hence  no  current  will  flow.     Hut  now  sup|n)se  the  motor  is  overexcited  so 


352 


THE  SYNCHRONOUS  MOTOR 


[Chap.  IX 


that  the  motor  voltage  is  shown  by  OE'm  in  Fig.  358.  The  resultant  of 
OE'm  and  OEg  is  0R\  This  resultant  voltage  will  cause  a  current  to  flow 
(through  the  two  armatures  and  line)  which  will  lag  nearly  90°  behind 
OR',  as  the  armatures  are  highly  inductive.  This  current  is  shown  at  01' 
in  Fig.  358.  This  current  is  mostly  reactive  and  it  leads  the  line  voltage, 
OEg.  Now  if  the  motor  voltage  is  decreased  to  OE"m  the  resultant  voltage 
becomes  OR"  and  the  current  through  the  circuit  01".  This  again  is 
reactive  current  and  it  lags  behind  the  line  voltage,  OEg. 

293.  Power  Factor  Depends  upon  Load  and  Field  Current. — When  the 
motor  is  already  drawing  from  the  line  an  active  current  (to  supply  the 
power  for  whatever  load  it  is  carrying)  and  the  field  current  is  varied,  then 
the  total  armature  current  is  made  up  of  the  active  current  and  the  reac- 
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Fig.  357.  Fig.  358. 

Fig.  357.^ — The  circulating  current  may  be  obtained  by  considering  the  motor  and 

generator  armatures  in  series  with  the  line. 
Fig.  358. — Showing  why  an  over-excited  synchronous  motor  draws  a  leading  current 

from  the  line  to  which  it  is  connected,  and  an  under-excited  motor,  a  lagging 

current. 


tive  current;  the  resultant  power  factor  depends  upon  the  relative  magni- 
tudes of  the  two.  This  fact  accounts  for  the  results  given  in  Fig.  356 
which  show  higher  power  factors  for  the  full-load  run  and  half-load  run 
than  for  the  no-load  run. 

At  light  loads  it  is  sometimes  impossible  to  make  the  power  factor 
equal  to  unity,  no  matter  how  the  field  current  is  varied.  There  are 
likely  to  be  upper  harmonics  in  the  current  wave  form  at  light  loads,  and 
when  such  is  the  case  with  a  three-phase  motor,  the  sum  of  the  wattmeter 
readings  is  never  equal  to  the  product  of  V3X  volts  X  amperes,  and  hence 


the  power  factor,  as  calculated  from  cos  <f>  = 


watts 


(where  E  is  the  line 


VSEI 

voltage),  cannot  l>e  equal  to  unity.     This  is  shown  in  the  power-factor 
curves  of  Fig.  356. 
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294.  Efifect  of  Changing  Load  and  Excitation.— We  have  just  seen  that 
the  over-oxcitotl  synchronoik?  motor  takes  a  leading  current  from  its  supply 
line  and  an  under-excited  motor  a  lagging  current.  Of  course,  the  motor 
always  takes  a  component  of  current,  in  phase  with  its  supply  voltage, 
sufficient  to  supply  the  power  required  by  the  motor  to  overcome  its  losses 
and  to  furnish  power  to  its  load. 

Figure  359  shows  the  possible  current  and  voltage  relations  in  an 
over-excited  synchronous  motor.  The  voltage  per  phase  is  given  by  the 
vector  OE  and  the  motor  line  current,  for  certain  conditions,  by  the  vector 
01.  Now  this  current  01  may  be  regarded  as  made  up  of  two  components, 
OA,  in  phase  with  OE,  and  OB,  leading  the  voltage  OE  by  90°.    The 


Field  Current 


Fio.  359.  Fio.  360. 

Fig.  359. — Showing  why  the  power  factor  of  a  ajiichronous  motor  changes  with  its 

excitation;  the  changes  are  relatively  greater  with  the  smaller  loads. 
FiQ.  360. — Two  V  curves  of  the  synchronous  motor,  to  be  considered  in  connection  with 

the  vector  diagram  of  Fig.  359. 


product  OExOA  represents  the  electrical  power  per  phase  required  by 
the  motor  to  supply  its  load  and  losses. 

Now  suppose  that  the  load  on  the  motor  is  increased  and  its  excita- 
tion left  at  its  previous  value.  The  reactive  component,  OB,  will  remain 
as  before  but  the  product  OExOA  must  increase  to  supply  the  increased 
load.  As  OE  is  assumed  constant,  OA  must  increase  to  some  value  OA' 
and  the  total  motor  current  per  phase  is  therefore  given  by  01'.  The 
effect  of  this  increased  load  is  evidently  to  increase  the  power  factor  of 
the  motor,  as  coe  4>'  is  greater  than  cos  0. 

Now  supp>06e  the  load  on  the  motor  had  remained  at  its  first  value  but 
the  field  excitation  had  been  increased;  the  active  component  OA  would 
remain  constant  but  the  reactive  component  OB  would  have  been  increased 
from  OB  to  OB'.    The  motor  current  per  phase  would  have  changed  from 
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01  to  01"  anil  the  power  factor  would  have  decreased  from  cos   0  to 
cos  <f)" . 

In  Fig.  360  are  shown  the  two  V  curves  for  the  loads  assumed  in  Fig. 
359.  For  the  load*  OA  the  current  and  power  factor  are  shown  by  the 
full-line  curves,  and  for  the  load  OA'  they  are  shown  by  the  dotted  curv^es. 
Evidently,  when  the  load  is  changed  from  OA  XOE  to  OA'XOE  (Fig.  359), 
the  current  increasing  from  XI  to  XT  (Fig.  360),  the  power  factor  increases 
from  XC  to  XC  (Fig.  360).  But  if  the  load  current  OA  is  left  constant 
and  the  excitation  is  increased  from  OX  to  OX'  (Fig.  360),  the  motor  cur- 
rent is  changed  from  XI  to  XT'  and  the  power  factor  from  XC  to  X'D. 

295.  Equivalent  Circuit  of  Synchronous  Motor. — It  is  evident  that  for 
any  condition  of  load  and  excitation  the  armature  current  of  the  syn- 
chronous motor  can  be  considered  as  made  up  of  two  components,  one  in 
phase  with  the  line  voltage  and  one  90°  out  of  phase. 

A  synchronous  motor  is  never  run  in  practice  with  an  underexcited 

field  but  practically  always  with  an  overexcited  field,  so  that  we  may  always 

consider  the  reactive  current  to  be  leading  with  respect  to  the  line  voltage. 

Now  let  us  suppose  a  circuit  made  up  of  a  resistance  R,  paralleled  by  a 

,      condenser  C    in   each  phase,  and  we 

/'Y'A^     evidently   have    a    circuit    which,  by 

S^      \      properl}'^  proportioning  R  and  C,  may 

\      fsf^^"      ^56  used  to  represent  the  synchronous 

r^^  ^  motor.     In  Fig.  361  the  line  current  / 

^\ E I       is  evidently  equal  to  the  vector  sum  of 

~1  I       r  and  /".     But  I"  corresponds  to  the 

[til  I       energy  current  of  the  motor  and  /' 

Xj'  I       corresponds  to  the  leading  component 

I  I       of  the  motor  current. 

Also,  as  we  know  I"  =  E/R  and 
Fiu.  3tii.-A  circuit  which  is  electrically  r  =  E2-KfC,  it  is  seen  that,  by  choosing 
equivalent  to  an  over-excited    three-  ,  -    r.  ^  ^    m         it/ 

phase  synchronous  motor.  P^^P^^  values  of  R  and  C,  /    and  / 

may  be  made  to  take  any  values  we 
like.  Hence  the  circuit  of  Fig.  361  is  the  exact  equivalent  of  the  synchron- 
ous motor,  -provided  we  so  select  R  that  the  energy  dissipated  in  it  is  equal  to 
the  power  supplied  to  the  motor  and  the  condenser  has  such  a  capacity  that  its 
charging  current  is  just  equal  to  the  reactive  component  of  the  motor  current. 

An  increase  in  motor  excitation  (above  normal)  would  be  represented 
in  Fig.  361  by  an  increase  in  th(^  capacity  of  the  condenser  C,  and  an 
increase  of  the  motor  load  would  he  represented  by  a  decrease  in  the 
resistance  R. 

296.  Use  of  a  S3mchronous  Motor  as  a  Synchronous  Condenser. — 
The  carrying  capacity  of  any  electrical  circuit,  in  power,  depends  upon 
the  power  factor  of  the  receiving  circuit.     A  certain  transmission  line,  for 
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example,  is  rate<l  to  carry  100  amperes  per  wire  at  60,000  volts  between 
wiretJ,  and  hence,  when  the  current  and  voltage  are  in  phase  with  each  other, 
the  carr>'ing  capacity  of  this  line  is  100X60,000X>/3=  10,932  kw.  But 
if  the  n*coiving  circuit  is  made  up  mostly  of  induction  motors  and  lightly 
loadetl  transfonners,  the  current  in  the  transmission  line  may  lag  as  much 
as  45**  l>ehind  the  voltage.  I'nder  these  conditions  the  carr>'ing  capacity 
of  the  line  Is  equal  to  60,OOOX100X  V3Xco8  45''  =  7335  kw.  Now  the 
earning  capacity  of  the  transmission  line  in  this  case  is  only  70.7  per  cent 
of  what  it  is  when  the  carr>'ing  capacity  is  10,932  kw.  For  we  must  l)ear 
in  mind  the  fact  that  the  customer  pays  only  for  the  actual  power  he  uses, 
i.e.,  y/^EI  cos  4>,  and  not  for  the  apparent  power,  y/^EI. 

297.  Improvement  of  the  Line  Power  Factor. — It  is  therefore  advan- 
tageous for  the  transmission-line  owners  to  contract  with  customers  in 
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Fig.  362.  Fig.  36.3. 

Fig.  362. — A  suitably  over-excited  synchronous  motor,  running  unloaded  on  the  end  of  a 
transmission  line,  may  be  used  to  improve  the  power  factor  of  an  ordinary  induc- 
tion motor  load. 

Fig.  363. — The  vector  relations  of  the  currents  of  Fig.  362. 


such  a  way  as  to  bring  about  a  high  power  factor  in  the  line.  This  can  Ik? 
done  if  a  customer,  using  a  sj'nchronous  motor,  is  persuaded  to  run  the 
motor  with  an  overexcited  field.  When  such  an  arrangement  is  not 
possible,  it  generally  pays,  on  long,  expensive,  tran.'^mission  systems,  for 
the  owners  to  install  at  the  end  of  the  line  a  s>'nchronoiLs  motor.  In  this 
ca!«e  it  is  likely  that  the  motor  will  not  supply  any  mechanical  power  but 
will  mcn*ly  "  float  "  on  the  line,  with  its  field  considerably  overexcited. 
In  such  case  it  is  called  a  synchronous  condenser. 

Figure  362  illustrates  the  operation  of  such  a  scheme.  The  current  /' 
lags  behind  the  line  voltage  and  the  current  /"  is  ahead  of  the  line  voltage. 
Evidently  under  proper  conditions  the  line  current  /  may  In*  in  pha.se  with 
the  line  voltage. 

The  vector  relations  in  such  a  ca.se  are  shown  in  Fig.  363.  The  current 
supplied  to  the  induction  motors  per  phase  is  shown  at  01',  having  the 
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active  component  OD  and  the  reactive  component,  OA.  The  synchronous 
condenser  current  per  phase  is  shown  at  01",  having  an  active  component 
OC,  just  sufficient  to  supply  its  own  losses.  The  field  has  been  over- 
excited to  such  an  extent  that  its  leading  component  OB  is  just  equal  to 
OA.  Evidently  the  line  current  01  will  be  in  phase  with  the  phase  voltage 
OE,  hence  the  line  power  factor  will  be  unity  and  the  line  carrying 
capacity  as  great  as  is  possible. 

It  is  not  generally  attempted  to  bring  the  power  factor  of  the  line  up 
to  unity;  this  scheme  of  using  a  synchronous  condenser  generally  results 
in  a  power  factor  of  perhaps  0.90  or  0.95.     (See  section  370.) 

298.  Phase  Shifting  of  a  Synchronous  Motor,  as  the  Load  is  Varied. — 
It  has  been  shown  that  varying  the  excitation  of  the  synchronous  motor 
does  not  affect  its  load,  and  it  will  be  remembered  that  the  same  thing  was 
shown  in  the  case  of  one  alternator  operating  in  parallel  with  another. 


Fig.  364. — Showing  how  the  phase  shifting  of  the  synchronous  motor,  with  respect  to 
the  impressed  voltage,  will  bring  about  an  increased  input  to  the  motor  armature. 

In  discussing  the  parallel  operation  of  alternators  it  was  proved  that  a 
change  in  the  relative  phases  of  the  machine  e.m.fs.  was  required  in  order  to 
change  the  load  distribution. 

We  can  show  that  the  same  holds  good  for  a  synchronous  motor;  the 
motor  c.e.m.f.  must  change  its  phase  with  respect  to  the  line  e.m.f.  if  a  change 
of  load  is  to  he  accomplished.  Actually,  of  course,  the  change  in  the  load 
is  what  happens  first,  then  the  motor  e.m.f.  changes  its  phase  in  order  to 
produce  a  corresponding  change  in  the  electrical  power  input. 

Figure  364  shows  how  this  phase  shifting  produces  a  change  in  the 
power  input.  It  is  supposed  that  the  line  voltage  and  the  motor  voltage 
are  just  equal  and  opposite,  as  shown  at  OEi  and  OEm-  The  resultant  of 
these  two  is  zero  and  hence  this  is  the  condition  for  zero  input  to  the 
motor. 

Now  suppose  that,  owing  to  the  fact  that  a  load  has  been  put  on  the 
motor,  it  has  been  retarded  for  a  fraction  of  a  second  until  its  voltage 
vector  has  taken  a  position  not  quite  opposite  to  that  of  the  line  voltage; 
this  is  shown  at  OE'm-    The  resultant  of  OE'm  and  OEi  is  shown  at  OR'; 
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this  voltage  OR'  causes  a  current  to  flow  almost  90**  behind  the  voltaf^ 
because  of  the  high  ratio  of  inductance  to  resistance  in  the  motor  armature. 

X 
The  angle  6  is  determined  by  the  relation  tan  6 = -p^,  where  X.,  =  2t/L^  =  the 

"■•  »>• 

reactance  of  the  motor  armature,  and  /?„  is  the  resistance  of  the  motor 
armature. 

The  magnitude  of  the  current  is  determined  by  the  relation  /Z„  =  OR', 
where  Z.  is  the  impedance  of  the  motor  armature.  As  Zm.  is  generally 
small,  it  requires  only  a  small  voltage  to  force  the  full-load  current  through 
the  armature,  and  hence  only  a  small  phase  shift,  a,  is  required.  On 
some  machines  tested  a  phase  shift  of  20°  (electrical)  was  sufficient  to 
make  the  motor  vary  its  loa<l  from  zero  to  full  load. 

The  current  is  shown  at  OV  and  evidently  this  represents  a  motor 
input  of  OEtXOr Xco6  0.  If  more  mechanical  load  is  put  on  the  motor  a 
further  shift  in  the  phase  of  OEm  occurs.  Suppose  it  moves  back  to  OE"mj 
producing  a  resultant  voltage,  OR".  The  current  which  this  voltage 
causes  is  shown  by  the  vector  01",  much  lai^er  than  01'  and  in  a  slightly 
different  phase.  The  input  =  0£jX  07"  X  cos  </>',  which  will  be  just  suffi- 
cient to  give  a  mechanical  output  equal  to  the  assumed  increased  load. 

It  will  be  noticed  from  this  diagram  that  <t>  may  change  from  a  leading  to 
a  lading  angle  as  the  load  is  increased.  If  it  is  desired  to  maintain  a 
power  factor  of  unity  for  the  motor  as  the  load  is  varied,  it  is  evident  that 
the  motor  voltage  must  be  slightly  increased  as  the  load  is  increased. 
This  is  also  shown  in  the  form  of  the  V  curves  of  Fig.  356.  The  value  of 
field  current  which  gives  cos  <t>=l  for  light  loads  is  not  quite  sufficient  to 
give  cos  <^=  1  for  the  full  load. 

299.  Hunting  of  a  Synchronous  Motor. — Suppose  two  a.c.  machines, 
one  running  as  a  generator  and  the  other  as  a  synchronous  motor,  are 
placed  close  together  with  their  shafts  co-axial,  so  that  by  suitable  experi- 
mental apparatus  we  can  compare  the  relative  positions  of  the  two  arma- 
tures as  they  both  revolve  at  synchronous  speed. 

Let  us  suppose  that  we  can  stand  at  some  fixed  point  on  the  periphery 
of  the  generator  armature,  as  it  revolves,  and  look  at  some  point  on  the 
armature  of  the  motor.  Of  course,  this  point  would  seem  to  us  stationary, 
for  although  it  would  really  be  revolving  at  high  speed,  we  (supposedly  on 
the  peripher>'  of  the  generator  armature)  would  be  revolving  at  the  same 
speed.  If  a  load  were  now  put  on  the  motor,  irc  would  see  the  armature  of 
the  motor  slow  up  a  liitle,  for  a  fraction  of  a  second,  until  the  point  we  were 
observing  on  the  motor  armature  had  moved  backward  a  few  degrees,  and  then 
the  motor  armature  would  regain  its  former  speed.  The  point  on  the 
motor  armature,  on  which  our  gare  was  fixed,  would  again  appear  station- 
ary, but  it  trouW  be  behind  its  former  position.  This  change  in  its  position 
would  correspond  to  the  angle  a,  in  Fig.  364. 
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A  synchronous  motor  which  has  been  properly  desisnod,  and  which 
operates  well,  acts  as  we  have  just  described.  For  a  given  load  any  point 
on  the  motor  armature  has  a  diefinite  position  when  referred  to  a  fixed 
point  on  the  generator  armature.  But  it  might  be  that  the  point  on  the 
motor  armature  continually  oscillated  back  and  forth  about  its  proper 
mean  position,  so  that  at  one  instant  the  motor  armature  would  be  ahead 
of  its  proper  position,  and  the  next  instant  it  would  be  behind  its  proper 
position.  While  these  oscillations  were  taking  place,  the  armature  would 
be  revolving  on  the  average  at  synchronous  speed.  This  oscillation  of  the 
armature  of  a  synchronous  motor,  about  its  proper  mean  position  with 
respect  to  the  generator  armature,  is  called  hunting. 

300.  Natural  Period. — Under  special  conditions  this  hunting  becomes 
so  violent  that  the  motor  will  not  stay  in  synchronism,  but  pulls  itself  out 
of  step  with  the  line  and  opens  the  circuit  breakers.  It  cannot  be  proved 
here,  but  must  be  taken  as  a  fact,  that  the  armature  of  a  synchronous 
motor  has  a  natural  period  of  oscillation  just  as  a  pendulum  has.  If  a 
pendulum  bob  is  displaced  and  allowed  to  swing,  we  know  that  it  always 
swings  with  a  definite  time  for  one  oscillation;  the  time  taken  for  the 
pendulum,  swinging  freely,  to  complete  one  oscillation  is  called  the  natural 
period  of  the  pendulum.  The  synchronous  motor  armature  has  a  natural 
period  just  as  the  pendulum  has,  and  if  any  irregularity  occurs  either  in 
the  line  voltage  or  load,  with  a  periodicity  which  corresponds  to  the  natural 
period  of  the  motor,  violent  oscillations  are  very  likely  to  be  set  up,  and  as 
a  result  the  motor  is  likely  to  be  pulled  out  of  synchronism. 

When  a  motor  is  hunting,  the  electrical  instruments  showing  the  input 
oscillate  back  and  forth,  and  the  normal  regular  hum  of  the  motor  is 
changed  into  a  hum  broken  by  rhythmic  beats. 

301.  Prevention  of  Hunting. — There  arc  several  ways  to  stop  the 
hunting  of  a  synchronous  machine.  One  method  consists  in  changing 
the  natural  period  of  the  motor  armature  by  the  addition  of  a  heaA-y 
flywheel;  another  way  is  to  fit  the  jwlc  faces  with  very  heavy  dami^ng 
grids.  If  the  hunting  is  started  by  some  irregularity  of  the  load,  such  as 
would  be  produced  by  the  flapping  of  a  belt,  this  trouble  should  first  be 
removed  and  the  hunting  may  cease  without  further  change. 

302.  Mechanical  Analogy  of  the  Synchronous  Motor. — Some  of  the 
operating  characteristics  of  the  synchronous  motor  can  easily  be  remem- 
bered by  bearing  in  mind  a  suita])le  me.'hanical  analogue;  figure  8()5 
gives  such  an  analogue.  A  source  of  power,  such  as  the  steam  engine 
shown  at  A,  represents  the  power  supply  of  the  synchronous  motor.  A 
clutch  BB'  represents  the  synchronizing  switch;  a  flywheel  D  represents 
the  armature  of  the  motor  which  is  connected  by  a  thin  flexible  shaft,  C, 
to  the  clutch  B'B.  A  pulley  E,  carrying  a  belt  driving  some  load,  repre- 
sents the  load  of  the  svnchronous  motor. 
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I'lio  half  of  I  Ik-  rlntcli  Ji  i>  tiiiiMiiiK  ull  tl»r  iiim  .  a.>  tlii.-i  n*|)rewiit8  the 
live  hno  to  which  thr  motor  is  to  Im'  (•onn<M"to<l.  Now  pvidontly  the  dutch 
BB'  could  not  l)o  thrown  tc^othor  with  the  half  B'  stationan';  something 
would  break.  So  B'  must  first  l>o  driven  l»y  some  outside  source  of  power 
until  it  reaches  the  same  s\hsh{  as  B,  and  then  when  the  pins  on  B'  are 
oppoeite  to  the  holes  of  B,  the  clutch  may  be  thrown  tojjether.  This 
corresponds  to  closinj?  the  s>'nchronizin|f  switch  of  the  motor. 

When  the  clutch  is  thrown  in,  suppose  a  certain  point  P'  on  D  is  just 
in  line  with  a  point  marked  P  on  the  driver  A.  We  know  that  when  load 
is  put  on  the  Mt  and  pulley  E,  the  thin  shaft  C  will  twist,  the  amount  of 
twist  defiending  upon  the  loati  on  E.     But  if  the  shaft  C  twists  backward, 


i  II..  .)4Wi. — A  mechanical  .systein  which  cloeely  resembles,  in  its  actiun,   a  synchronous 
motor  nmning  on  a  power  line. 

the  point  P'  must  fall  l)ehind  the  point  P  by  a  certain  angle;  this  angle  we 
called  o  in  Fig.  3f>4. 

Now,  no  matter  how  great  the  twist  of  (  may  Ik*,  P'  and  P  revolve  at 
the  same  speed,  P'  falling  farther  behind  P  with  increasing  load  on  E. 
But  if  so  much  load  is  put  on  E  that  the  strength  of  C  is  exceeded,  then  it 
will  twist  into  two  pieces  and  the  set  will  become  inoperative.  This  cor- 
responds to  the  opening  of  the  circuit  breakers  when  a  synchronous  motor 
is  overloaded. 

The  hunting  of  a  motor  has  an  e.xact  analogy  in  the  arrangement  of 
Fig.  365.  D,  in  combination  with  C,  has  a  certain  natural  period  of  oscil- 
lation. While  D  is  revolving  with  the  same  r.p.m.  as  ^1,  it  may  also 
be  executing  natural  oscillations,  so  that  P'  is  oscillating  back  and  forth 
with  respect  to  P.  If  the  l)elt  on  E  flaps  with  a  period  equal  to  the  natural 
period  of  the  system  D-C,  D  will  be  quite  likely  to  oscillate  more  and 
more  violently  until  the  shaft  C  breaks. 


CHAPTER  X 
RECTIFYING  DEVICES 

THE  SYNCHRONOUS  CONVERTER;     MERCURY-ARC  RECTIFIER; 
THERMIONIC  RECTIFIER 

303.  Need  of  Rectifying  Devices. — We  have  already  mentioned  the 
fact  that  it  is  generally  best  to  generate  electrical  power  in  the  form  of 
alternating-current  power  because  of  the  ease  with  which  the  voltage  may 
be  "  stepped  up  "  for  transmission  and  then  "  stepped  down  "  again  for 
use  in  motors,  lamps,  etc.  There  are  many  installations  in  which  the 
power  is  desired  as  continuous-current  power  at  the  place  where  it  is  used; 
it  must  generally  be  transmitted  from  the  main  generating  station  as  high- 
voltage  a.c.  power  and  then  changed  into  c.c.  power  at  the  place  where  it 
is  used.  This  is  the  function  of  a  rectifying  device — to  change  a.c.  power 
into  c.c.  power  or  vice  versa. 

Most  of  the  electric  railway  and  trolley  systems  of  the  country  are 
operated  by  c.c.  power,  and  in  many  of  the  large  cities  power  is  distributed 
to  the  customers  as  c.c.  power,  being  originally  generated  in  both  cases 
in  large  generating  stations  as  a.c.  power.  For  these  purposes  synchronous 
converters  (also  called  rotary  converters)  are  nearly  always  used.  For 
charging  storage  batteries  from  a.c.  lines,  mercury-arc,  and  thermionic 
rectifiers  are  used. 

304.  Principle  of  Operation  of  the  Synchronous  Converter. — The  syn- 
chronous converter  is  really  a  comibined  synchronous  motor  and  continous- 
current  generator;  it  receives  alternating-current  power  as  a  synchronous 
motor  running  at  synchronous  speed  and  delivers  continuous-current 
power.  In  appearance  and  construction  it  is  practically  identical  with  a 
c.c.  generator  with  this  addition:  on  that  end  of  the  armature  opposite  to 
the  commutator  is  mounted  a  set  of  slip  rings  (the  number  of  rings  depend- 
ing upon  the  number  of  phases  desired)  which  are  connected  by  taps  to 
the  armature  winding  just  as  though  this  winding  had  been  intended  for 
use  as  a  synchronous  motor. 

In  Fig.  366  is  shown  a  small,  three-phase  synchronous  converter;  it 
is  seen  to  be  identical  in  appearance  with  a  c.c.  generator,  with,  however, 
the  slip  rings  added  on  one  end  of  the  armature. 

Suppose  that  such  a  machine  is  running  as  a  synchronous  motor;   the 
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action  of  the  commutator  and  revolving  armature  winding  will  he  just  the 
same  as  if  the  armature  were  being  driven  by  a  belt  and  pulley  instead  of 
by  the  synchronous  motor  action,  and  hence  there  will  be,  on  the  brushes, 
a  uni-directional  e.m.f.  If  a  load  circuit  is  connected  to  the  brushes,  c.c. 
power  will  be  supplietl  to  this  load.  As  the  amount  of  c.c.  power  output 
increases,  the  a.c.  power  input  will  correspondingly  increase — in  fact,  the 
input  on  the  a.c.  end  must  always  equal  the  c.c.  output  plus  the  losses  in 


Fio.  366. — A  small  three-phase  synchronous  converter  suitably  arranged   for  experi- 
mental testing. 

the  machine.    The  speed  remains  constant  (at  synchronous  speed  for  the 
machine  considered  a.s  a  sj'nchronous  motor),  irrespective  of  the  load. 

306.  Continuous  Voltage  Independent  of  Load. — The  value  of  the  con- 
tinuous voltage  is  nearly  independent  of  the  load,  provided  the  altemaling 
voUage  is  mainiained  constant;  this  point  is  covered  more  completely  by 
saying  that,  for  any  converter,  the  ratio  of  the  alternating  voltage  to  the 
continuous  voltage  is  a  constant.  Moreover,  this  ratio  is  nearly  independent 
of  the  field  current,  the  frequency  of  the  a.c.  supply,  and  the  size  of  the 
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machine ;  it  depends  only  on  the  number  of  phases  for  which  the  winding 
is  tapped  on  the  a.c.  end. 

A  three-phase  converter  has  one  ratio  and  a  single-phase  converter 
has  another,  but  the  ratio  for  all  three-phase  converters  is  the  same,  inde- 
pendent of  size  or  frequency.  The  value  of  this  ratio  for  different  phases 
will  now  be  derived. 

306.  Voltage  Ratio  and  its  Dependence  upon  Number  of  Phases. — 
Suppose  that  a  converter  winding  consists  of  only  twelve  coils  in  a  bipolar 
field,  as  shown  in  Fig.  367,  and  that  each  coil  has  the  same  number  of 
turns  and  each  is  spaced  X2X360°  =  30°  from  its  neighbor.  The  deriva- 
tion of  the  voltage  ratio  depends  upon  the  assumption  that  each  coil  gen- 
erates a  sine  wave  e.m.f.  and  hence,  that  the  e.m.f.  of  each  coil  may  be 
represented  by  a  rotating  vector. 

The  vector  diagram  for  the  e.m.f.  generated  by  each  coil  is  given  in 
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Fig.  367. 

Fig.  367. — A  12-coiI,  closed-circuit  winding  in  a  bipolar  field. 

Fig.  368. — If  each  coil  of  the  machine  of  Fig.  367  generates  a  sine-wave  voltage  this  may 
be  represented  by  a  rotating  vector.  As  the  coils  are  30°  (electrical)  apart  their 
respective  vectors  will  have  this  separation. 

Fig.  368;  all  the  vectors  are  of  the  same  length  and  each  is  sjiaccd  30° 
from  its  neighbor.  Now,  we  know  that  alternating  e.m.fs.  must  be  added 
vectorially  (instead  of  arithmetically)  to  give  the  resultant  e.m.f.,  hence, 
if  we  tap  the  winding  of  Fig.  367  at  A  and  B  (diametrical  points),  the 
vector  giving  the  voltage  A-B  will  be  found  by  adding  vectariaUy  the  e.m.fs. 
of  coils  1  to  6  inclusive.  But  this  vector  will  evidently  be  the  diameter 
of  a  regular  polygon  having  for  its  sides  the  vectors  given  in  Fig.  368. 

307.  Voltage  for  Single-phase  Taps. — This  ix)lygon  is  shown  in  Fig. 
369,  and  the  voltage  between  the  points  A  and  B,  Fig.  367,  is  shown  by 
the  line  AB  in  Fig.  369.  The  c.c.  brushes,  by  means  of  the  commutator, 
are  continually  maintained  at  a  difference  of  potential  equal  to  AB, 
Fig.  369,  because  the  brushes  continually  make  contact  with  the  winding 
on  the  line  XY  (Fig.  367),  and  so  there  arc  continually  six  coils  adding 
their  e.m.fs.  between  the  c.c.  brushes. 
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But  suppose  that  the  points  A  and  B  are  connected  to  a  pair  of  sHp 
rings;  the  maximum  e.m.f.  between  the  rings  will  he  AB,  Fig.  369,  and 
this  is  the  same  as  the  e.m.f.  between  the  c.c.  brushes. 

Hence  we  have  the  relation  that,  on  a  single-phase  converter,  the 
maximum  altemtUing  voltage  is  the  same  as  the  continuous  voltage,  and  hence 
the  effective  alternating  voltage  of  a  single-phase  converter  is  equal  to  the  con- 
tinuous voltage  X—p.     This  ratio  is  independent  of  the  size  of  the  machine, 

the  speed,  the  number  of  poles,  or  anything  else;  for  a  single-phase  con- 
verter this  is  a  fixed  quan- 
tity and  cannot  l)e  varied.  ^ 

308.  Voltage  for 
Three-phase  Taps. — 
Now,  supiKJse  the  winding 
shown  in  Fig.  367  is  to 
be  tapped  for  a  three- 
phase  a.c.  supply;  the 
taps  would  be  at  A,  C, 
and  D,  Fig.  369.  Between 
each  of  these  taps  there 
are  four  coils,  and  the 
vectors  giving  the  differ- 
ent e.m.fs.  are  shown  in 
Fig.  369  by  AC,  CD,  and 
DA.  These  vectors  are 
equal  to  each  other  and 
are  120"  apart,  as  they 
should  he  for  a  three- 
phase  winding. 

The  length  of  the  vec- 
tor AC  can  be  found  in  terms  of  the  vector  AB  in  the  following  manner. 
In  Fig.  370  the  construction  of  Fig.  369  is  duplicated  to  some  extent, 
but  instead  of  the  vector  polygon  we  have  the  circumscribing  circle.  The 
angle  a.  Fig.  370,  is  equal  to  120°  for  the  three-phase  taps,  AC;  hence 
COD  ( =  a/2)  is  equal  to  GO".     Therefore,  we  have 

i4r  =  2.4 D  =  2(Oi4  sin  a  2)  =  i4B  sin  a  2  =  yl fi  sin  60". 

But  AB  =  the  continuous  voltage -r-  V2. 

Hence 

_.  ,  ,         /  «.     .  the  continuous  voltage 

Three-phase  voltage  (eflFoctivo )  = jz — ^  Xsm  60".     (136) 

=  the  continuous  voltage X 0.612. 


Fio.  369. — The  e.m.f.  polygon  for  the  armature  of 
Fig.  .%7. 
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Therefore,  the  alternating  voltage  of  a  three-phase  synchronous 
converter  is  equal  to  61.2  per  cent  of  the  continuous  voltage,  and  this 
ratio  is  independent  of  the  size  of  the  converter,  etc. 

The  voltage  ratio  for  any  other  number  of  taps  can  be  found  by  sub- 
stituting the  proper  angle  for  a/2. 

The  actual  ratio  of  voltages  on  a  synchronous  converter  is  somewhat 
different  from  that  obtained  from  this  theoretically  derived  formula. 
There  is  an  impedance  drop  in  the  armature,  which,  of  course,  varies  with 
the  load,  and  this  makes  the  ratio  vary  slightly  as  the  machine  is  loaded. 
A  three-phase  converter  having  a  ratio  of  0.615  at  no-load  might  have  a 
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Fig.  370.  Fig.  371. 

Fig.  370.— Showing  how  to  find  the  voltage  ratio  for  a  converter  of   any  number  of 

phases. 
Fig.  371. — In  so  far  as  the  continuous-current  output  is  concerned  the  current  in  each 

coil  is  of  rectangular  shape. 


ratio  of  perhaps  0.63  or  more  when  carrying  full-load.  If  the  wave  of 
alternating  e.m.f.  impressed  is  not  a  true  sine  curve  the  ratio  will,  of 
course,  be  different  from  that  obtained  on  the  assumption  of  sine  curve 
of  e.m.f. 

309.  Current  Forms  in  the  Coils  of  a  Synchronous  Converter. — The 
rated  capacity  of  a  synchronous  converter  is  generally  fixed  by  the  safe 
rise  in  temperature,  as  for  any  other  electrical  machine.  Of  course,  the 
heating  increases  with  increase  of  load  due  to  the  increased  PR  loss  in  the 
armature  coils. 

Now  the  currents  flowing  in  the  different  coils  of  a  synchronous  con- 
verter armature  are  of  very  peculiar  shape.     An  alternating  current  is 
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flowing  into  the  armature  at  the  a.c.  tape  and  a  continuous  current  ia 
flowing  away  from  the  c.c.  brushes.  The  actual  current  in  any  coil  is  the 
difference  between  these  two  currents. 

Consider  the  armature  shown  in  Fig.  367,  connected  to  a  commutator 
and  supplying  a  c.c.  load,  i.e.,  acting  merely  as  a  c.c.  generator.  The 
currents  in  the  different  coils  would  be  rectangular  waves,  as  shown  in 
Fig.  371.  If  the  load  current  were  10  amperes,  the  current  in  each  coil 
would  be  5  amperes,  because  the  armature  has  two  paths. 

As  each  coil  moves  under  a  brush  its  current  is  changed  from  one  direc- 
tion to  the  opposite  direction,  but  while  the  coil  is  moving  from  one  brush 
to  the  other  its  current  is  constant  in  magnitude  and  direction.  Each 
coil  would  have  its  current  commutated,  or  changed  in  direction,  30° 
(one-twelfth  of  360")  later  than  its  neighbor  and  so  the  current  forms  of 
Fig.  371  are  seen  to  be  correct. 

Now  consider  the  current  in  each  coil,  the  machine  to  be  running  as  a 
single-phase  synchronous  motor.  The  current  in  each  coil  will  be  a  sine 
wave  (supposing  a  sine  wave  of  e.m.f.  to  be  impressed)  and  the  maximum 
value  of  the  ciurent  in  any  one  coil  is  equal  to  one-half  the  maximum  of 
the  current  in  the  single-phase  line  supplying  the  power;  this  is  true 
because  there  are  two  paths  in  the  armature  between  which  the  line  cur- 
rent di\ndes  equally. 

310.  Ratio  of  Alternating  Current  to  Continuous  Current  in  a  Single- 
phase  Converter. — Neglecting  the  losses  in  the  machine,  to  make  the 
equation  simple,  we  may  now  write  for  the  single-phase  converter, 

a.c.  input  =  c.c.  output 

But  E^c.  =  0.707Ecj^ 

Hence,  Uc-lAlIcx. 

which  gives  the  relative  values  of  the  continuous  current  and  the  effective 
alternating  current.  We  know  that  the  maximum  value  of  an  alternating 
current  is  equal  to  1 .41  Xthe  efifective  value,  so  that 

/m.  (maximum)  =  1 .4 1/^.  (effective)  =  2  X/cc. 

Therefore,  if  the  machine,  running  as  a  single-phase  synchronous 
converter,  is  supplying  10  amperes  to  the  c.c.  line  (5  amperes  in  the  indi- 
vidual coils,  as  shown  in  Fig.  371),  the  maximum  value  of  the  current  in 
the  a.c.  supply  line  is  20  amperes  and  the  maximum  value  of  the  alter- 
nating current  in  a  coil  is  half  of  this  value,  or  10  amperes. 

311.  Actual  Current  in  a  Coil. — The  actual  current  in  any  coil  of  the 
converter  is  the  resultant  of  a  sine  wave  of  current  (maximum  value  equal 
to  10  amperes)  and  the  rectangular  current  shown  in  Fig.  371.  Figure 
372  shows  the  result  of  subtracting  the  continuous  current  in  a  coil  from 
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the  alternating  current,  on  the  supposition  that  the  alternating  current 
has  its  maximum  value  when  coil  1  is  undergoing  commutation. 

From  Fig.  372  it  is  seen  that  the  currents  in  the  individual  coils  are  very 
different  in  magnitude  and  form;  this  makes  the  heating  of  the  various 
coils  different,  it  being  much  greater  in  those  coils  near  the  a.c.  taps.  In 
case  the  converter  is  operating  with  a  power  factor  other  than  cos  6  =  1, 
that  coil  having  the  greatest  current  will  be  close  to  the  a.c.  tap  but  on  one 
side  of  the  tap  only;  the  adjacent  coil,  connected  on  the  other  side  of  the 
a.c.  tap,  will  be  much  cooler. 

312.  Heating  of  Coils. — The  heating  cf  the  different  coils  will  evi- 
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Fig.  373. 


Fia.  372. — The  ivctual  current  in  any  coil  is  obtained  by  considering  both  the  sine  wave 
of  input  and  the  rectangular  curve  of  current  output;  it  is  shown  in  the  figure  by 
the  dashed  line  curves. 

Fig.  373. — Due  to  the  fact  that  the  neutralization  of  the  alternating  and  continuous 
currents  is  more  complete  in  some  coils  than  in  others,  different  coils  will  heat  to 
different  degrees.  In  this  figure  the  relative  heating  of  various  coils  is  shown  for 
single-phase,  three-phase,  and  six-phase  converters. 


dently  be  different,  because  the  heating  depends  upon  the  magnitude  of 
the  current;  it  follows  that  some  coils  will  be  hot  when  the  converter  is 
operating  and  others  will  be  comparatively  cool.  In  those  coils  which  run 
coolest  the  alternating  current  flowing  into  the  coil  and  the  continuous  current 
flowing  out  of  the  coil  nearly  neutralize  eax^h  other;  the  more  completely 
this  neutralization  takes  place  the  cooler  the  coil  will  be. 

313.  Neutralization  of  Currents  in  Various  Coils.— In  a  polyphase 
synchronous  convortor,  this  neutralization  of  curnMits  is  inuch  more  com- 
j)l(>t('  than  in  a  single-i)hase  converter;    also  the  heating  of  the  different 
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coils  tM'coiiu>8  more  nearly  alike  as  the  number  of  phases  is  increased.  It 
is  |)UK»ible  U>  develop  an  expression  for  the  heating  in  the  various  coils  for 
tlifforcut  numbers  of  phases;  *  such  an  analysis  yields  results  as  shown  in 
Fig.  373. 

The  base  line  of  this  set  of  curves  represents  the  distance  between 
-  rive  taps:  it  would  correspond  to  half  the  circumference  for  a 
u  -:  ii;ise,  bipolar  converter,  one  third  for  a  three-phase,  one-sixth  for  a 
six-phase,  etc.  The  ordinate^  represent  the  relative  heating  in  the  differ- 
ent coils  for  a  given  c.c.  output  of  the  converter.  These  cur\'es  show  how 
the  heating  of  the  coils  decreases  and  becomes  more  nearly  alike  in  the 
different  coils  as  the  num!)er  of  phases  is  increased. 

314.  Heating  of  Coils  When  the  Power  Factor  is  not  Unity.— Figure 
373  shows  the  conditions  for  a  converter  having  nonnal  excitation,  that 
is,  with  the  power  factor  of  the  ma- 
chine imity.  If  the  excitation  is 
change<l  so  that  the  converter  is 
(>|)erating  at  a  power  factor  less  than 
unity  (due  either  to  a  lagging  or  a 
leiuiing  current)  the  relative  heating 
in  the  different  coils  is  still  more 
varied;   there  is  not   only  more  dif-  j  j  • 

frronrc  between  the  hottost  and  the     J \ \ 

oil  than  when  the  machine      ^"•''*"'  ^"•*'*'"  *"^'^« 

iia<  nonnal  excitation,  but,  in  addi-  Fig.  374.— If  the  converter  is  operated 
tion,  nearly  all  coils  are  hotter,  with  field  current  other  than  normal,  the 
rr.1-  •  L  *  •  T--  0-4  L  al  total  heating  of  the  armature  increases 
This  IS  shown  m  Fig.  3/4,  where  the     ,,  »    .^      j  .u    j « 

**  '  .  (for  given   output)  and  the  dtfterencc  m 

full-lme    curve    shows    the    relative     heating  of  the  different  coils  increases, 
heating    in    the    different    coils   for 

cos  <>  =  1  and  the  dotted  curve  shows  the  same  results  when  the  con- 
verter is  run  with  an  under-oxcited  field. 

316.  Ratio  of  Alternating  Ciurent  to  Continuous  Current  in  a  Three- 
phase  Converter. — Again  neglecting  the  losses  in  the  machine,  we  may 
write  for  the  three-phase  converter, 

a.c.  input  =  c.c.  outptit 
or 

But  £^=0.612£:«, 

Hence  /m.  =  0.M3/cx. 

which  gives  the  relative  values  of  the  eontinuoim  current  and  the  effective 
alternating  current  per  line. 

•  .MtertiatiDg  Currents,  Hay,  p.  241  et  «eq. 
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Therefore,  if  a  three-phase  converter  is  supplying  10  amperes  to  the 
c.c.  Hne,  the  current  per  Hne  on  the  a.c.  side  will  be  9.43  amperes. 

316.  Capacity  of  a  Synchronous  Converter. — Figure  373  shows  how 
the  heating  of  the  coils  is  diminished  as  the  number  of  phases  is  increased 
and  makes  it  evident  that  a  given  armature  will  have  more  capacity  as  a 
six-phase  converter  than  as  a  three-phase,  or  greater  as  a  three-phase  than  as 
a  single-phase,  etc.  .  If  we  have  a  certain  armature  which  has  a  safe  capacity 
of  100  kw.  used  as  a  continuous-current  machine,  it  will  have  more  or  less 
capacity  used  as  a  synchronous  converter,  depending  on  the  number  of 
phases,  as  given  below. 

Number  of  phases 1  3  4  6  12 

Safe  capacity  in  kw.,  P.  F.  =  1 .0  85.5         134         165         197         224 

Safe  capacity  in  kw.,  P.  F.  =0.87 99  115         129         135 

These  comparative  theoretical  figures  are  based  on  the  assumption  of 
equal  total  PR  lose  and  not  on  the  safe  temperature  of  the  hottest  coil. 

If  the  number  of  a.c.  taps  were  very  greatly  increased,  the  safe  capacity 
of  the  armature,  with  proper  field  excitation,  would  increase  to  230  kw. 
Used  as  a  single-phase  alternator  it  would  have  a  safe  capacity  of  70.7 
kw.  on  a  load  of  unity  power  factor. 

317.  Converters  Always  Polyphase. — Single-phase  converters  are  prac- 
tically never  used  because  they  have  such  a  low  capacity  and  have,  in 
addition,  a  marked  tendency  to  "  hunt,"  as  explained  in  the  chapter  on 
synchronous  motors.  Converters  are  built  three-phase  in  sizes  up  to  500 
kw. ;  in  sizes  of  500  kw.  and  larger,  they  are  generally  wound  six-phase  be- 
cause of  the  increased  capacity  obtained.  They  are  practically  never  used 
twelve-phase  because  the  increase  in  capacity  is  obtained  only  at  the 
expense  of  complication  and  increased  cost  of  the  brush  rigging,  rings,  etc. 

318.  Methods  of  Starting  Synchronous  Converters. — The  synchronous 
converter  is  essentially  a  synchronous  motor  when  considered  from  the 
input  side;  some  method  therefore  must  be  used  for  starting  and  syn- 
chronizing it  with  the  line.  There  are  three  different  methods  in  use 
to-day:  starting  as  a  c.c.  motor  from  the  commutator  end;  starting  as  an 
induction  motor  from  the  slip-ring  end;  or  having  some  auxiliarj'  starter, 
such  as  a  small  induction  motor. 

In  order  to  start  a  converter  from  the  c.c.  end  it  is  necessary  to  have 
available  a  c.c.  supply  of  the  same  voltage  as  that  which  the  converter 
gives  when  in  normal  operation.  If,  for  example,  the  converter  is  only 
one  of  several  in  a  sub-station  and  one  or  more  are  in  operation,  the  c.c. 
power  for  starting  may  be  taken  from  the  c.c.  end  of  those  already  operat- 
ing. A  starting  rheostat  is  put  in  the  armature  circuit  and  gradually 
cut  out  as  the  machine  (starting  as  a  shunt-wound  c.c.  motor)  speeds  up; 
the  speed  is  adjusted  by  the  field  rheostat  to  bring  the  converter  into 
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synchronism  with  the  line,  and  then  the  converter  is  switched  to  the  hne 
after  the  synchronizing  device  (lamps  or  synchroscope)  shows  the  proper 
phase. 

The  induction-motor  method  of  starting  is  becoming  more  and  more 
common.  Half-voltage  taps  are  supplied  on  the  transformers  which 
normally  supply  the  converter,  and  with  the  field  circuit  of  the  machine 
open,  the  a.c.  ond  of  the  converter  is  switched  to  the  half-voltage  line. 


i 


1  iG.   375. — Sj-nchronouB  converters  are  nearly  always  fitted  with  "starting  windings" 
iamortiaseun)  fitted  into  the  pole  faces. 

When  it  has  accelerated  to  nearly  synchronous  speed,  the  starting  switch 
(which  is  double  throw)  is  thrown  over  to  the  normal  voltage  line  and  then 
the  field  circuit  is  close<l  (connected  to  the  c.c.  end  of  the  converter),  and 
the  field  current  gradually  increased  to  its  normal  value. 

The  starting  winding  used  to  start  synchronous  converters  by  the 
induction-motor  method  consists  of  heavy  bars  of  copper  imbedded  in 
slots  in  the  pole  face  and  short-circuited  at  their  ends  by  a  copper  band 
surrounding  the  pole,  as  illastrated  in  Fig.  375.  In  fact,  these  grids, 
cross-bars  and  band,  are  sometimes  made  in  one  piece,  a  copper  casting. 
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With  commutating-pole  converters  no  connections  between  the  grids 
upon  adjacent  poles  are  made,  in  as  mach  as  such  connections  would 
cause  the  commutating  poles,  which  are  placed  between  the  main  poles,  to 
be  surrounded  by  a  band  of  copper  and  so  prevent  the  commutating  flux 
from  changing  as  rapidly  as  the  c.c.  load  current  with  sudden  changes  of 
load. 

319.  Field  "  Break-up  "  Switch. — In  using  the  induction-motor  method 
of  starting,  a  very  high  voltage  may  be  induced  in  the  field  coils,  because 
these  coils  act  like  the  secondary  of  a  transformer,  the  armature  being  the 
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primary;  the  field  circuit  must  be  subdivided  to  avoid  jMnicturing  the 
insulation  of  the  field  coils.  This  is  done  by  a  field  "  break-up  switch  " 
generally  mounted  on  the  frame  of  the  machine. 

Figure  37(3  shows  a  2000-kw.  synchronous  converter  on  the  frame  of 
which  may  be  seen  the  field  **  break-up  "'  switch;  on  this  machine  a  seven- 
pole  switch  is  used  to  break  the  field  circuit  in  several  places.  The  large 
single-pole  switch  on  the  field  frame  is  connected  in  the  equalizer  bus-bar 
circuit. 

320.  Reversed  Polarity. — When  starting  by  the  induction-motor 
method,  the  field  winding  being  open,  the  armature  comes  into  step, 
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each  pole  of  the  rotating  field  of  the  annature  setting  itself  opposite  one 
of  the  main  field  poles.  The  field  poles  are  thus  magnetized  by  the  anna- 
ture, but  they  may  be  either  north  or  south  poles,  dei)ending  upon  which 
way  the  annature  comes  into  step.  There  imng,  a  definite  relation  lx?twoen 
the  polarity  of  the  poles,  the  direction  of  rotation  of  the  armature,  and  the 
polarity  of  the  c.c.  brushes,  it  follows  that  the  converter  may  come  into 
synchronism  with  either  correct  or  reversed  polarity.  In  practice,  the 
connections  l)etween  the  converter  and  the  sub-station  bus-bars  are 
l^ermanent;  it  is  therefore  necessarj'  that  the  polarity  be  correct,  or 
always  the  same,  Ix'fore  the  converter  is  connected  to  the  c.c.  bus-bars. 

The  field  *'  break-up  "  switch  is  a  double-throw  switch,  so  wired  that 
in  one  position  the  field  is  properly  connected  to  the  brushes,  and  in  the 
other  position  the  field  is  connected  reversed.  If  the  converter  comes 
into  synchronism  with  reversed  polarity  (as  indicated  by  the  8witchlx)ard 
voltmeter),  the  operator  closes  the  field  switch  in  the  reversed  jjosition, 
which  tends  to  magnetize  the  field  poles  in  a  direction  opposite  to  that  in 
which  they  are  magnetized  by  the  armature.  This  causes  the  converter 
armature  to  slip  back  one  pole;  in  this  new  position  the  polarity  is  correct. 
If  the  break-up  switch  is  left  in  the  reversed  position,  the  converter  will 
continue  slipping,  one  pole  at  a  time,  because  each  time  that  a  pole  is  slipped 
the  jx)larity  of  the  converter  changes,  and  each  time  the  c.c.  field  will 
build  up  in  the  reverse  direction.  Therefore,  as  soon  as  the  polarity  of  the 
converter  is  correct,  the  break-up  switch  must  be  thrown  to  the  position 
of  proper  field  connection. 

It  Ls  to  be  remembered  that  with  any  self-excited  c.c.  generator  there 
is  a  correct  and  an  incorrect  connection  of  the  shunt  field,  as  was  explained 
on  pa^o  2-4S  of  Volume  I. 

321.  Sparking  at  the  C.C.  Brushes. — If  a  converter  is  equipped  with 
commutating  poles  the  induction-motor  method  of  starting  is  likely  to 
cause  bad  sparking  at  the  c.c.  brushes  while  the  machine  is  speeding  up. 
Each  time  a  pole  of  the  rotating  field  of  the  annature  passes  a  commutating 
pole,  the  flux  is  momentarily  increased  and  the  field  sweeping  by  the 
annature  turns  short-circuited  by  the  bnishes,  induces  large  circulating 
currents  which  are  niptured  as  the  commutator  bars  move  from  under  the 
brushes.  To  prevent  this,  the  brush  holders  are  equipped  with  a  simple 
lever  arrangement  whereby  all  brushes  except  one  pair  may  easily  be 
lifted  off  the  commutator  while  the  annature  is  accelerating,  and  then 
dropped  back  in  place  on  the  commutator  when  synchronous  speed  has 
been  reached  and  the  danger  of  serious  sparking  is  over.  One  pair  of 
narrow  brushes  must  be  left  down,  to  energize  the  s\»itchboard  voltmeter, 
and  the  shunt  field  if  necessary  to  cause  the  converter  to  slip  a  pole. 

322.  Use  of  Auxiliary  Starter. — When  the  third  method  of  starting  is 
usetl,  a  small  iiuluction  motor  is  mounted  on  one  of  the  bearing  pedestals, 
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its  rotor  being  mounted  directly  on  the  shaft  of  the  converter.  The 
stator  is  wound  for  the  same  voltage  and  number  of  phases  as  the  converter 
armature,  and  the  motor  has  just  sufficient  capacity  to  run  the  converter 
at  synchronous  speed  when  it  is  supplying  no  load.  The  induction  motor 
always  has  one  pair  of  poles  less  than  the  converter  (why?)  and  has  a 
capacity  rating  of  from  5  to  10  per  cent  of  that  of  the  converter. 

323.  Large  Commutator  Required  on  a  Polyphase  Converter. — A  cut 
of  a  large  six-phase  converter  is  given  in  Fig.  376.  It  is  to  be  noticed  that 
on  this  converter  the  commutator  is  much  larger  than  it  would  be  on  a  c.c. 
generator  of  the  same  size.  This  is  because  of  the  fact  brought  out  in  a 
previous  paragraph :  the  capacity  of  the  six-phase  converter  is  practically 
twice  as  much  as  that  of  a  c.c.  generator  of  the  same  size  {size — not  capacity) ; 
and  hence  the  c.c.  brash  rigging  and  the  commutator  must  have  twice  the 
current  capacity  required  for  a  c.c.  generator  with  the  same  size  armature. 

324.  Compounding  a  Synchronous  Converter  by  a  Series  Field  and  Line 
Inductors. — We  have  proved  that  the  ratio  of  continuous  voltage  to 
alternating  voltage  is  fixed  for  a  given  synchronous  converter.  It  is  not, 
therefore,  at  once  evident  how  a  converter  may  be  designed  to  give  a  volt- 
age on  the  c.c.  end  increasing  with  load;  yet  this  is  generally  desired. 
For  use  in  railway  and  lighting  installations,  a  converter  with  about  10 
per  cent  compounding  is  generally  desired.  For  example,  the  specifica- 
tions for  a  railway  converter  might  call  for  550  volts  at  no  load,  600  volts 
at  full-load;  and  those  for  a  converter  for  a  lamp  load,  225  volts  at  no  load, 
250  volts  at  full  load. 

But  the  ratio  of  the  continuous  voltage  to  the  alternating  voltage  is 
fixed,  and  it  is  therefore  evident  that  if  it  is  desired  that  the  continuous 
voltage  should  increase  with  the  load  il  can  he  accomplished  only  by  causing 
the  impressed  alternating  voltage  to  increase  correspondingly  with  load.  A 
three-phase  railway  converter  to  give  550-600  volts  would  require  an 
impressed  alternating  voltage  of  550X0.612  =  337  volts  at  no  load,  and 
an  alternating  voltage  of  600X0.612  =  367  volts  at  full  load.  However, 
slightly  more  than  this  voltage  would  be  required  to  overcome  the  effect 
of  armature  impedance  drop,  which  increases  with  the  load. 

The  ordinary  method  of  compounding  a  converter  is  to  have  inductors 
inserted  in  the  a.c.  lines  supplying  the  converter  and  to  equip  the  con- 
verter field  with  a  series  winding  as  well  as  a  shunt  winding.  By  use  of 
this  series  winding,  the  excitation  of  the  machine  is  increased  with  an 
increase  of  load  and  this  increased  excitation  causes  an  automatic  increase 
in  the  a.c.  voltage  impressed  on  the  machine. 

Now,  in  so  far  as  its  effect  on  the  a.c.  supply  line  is  concerned,  the 
synchronous  converter  acts  exactly  like  a  synchronous  motor,  and  hence, 
if  it  is  over-excited,  it  draws  from  the  line  a  leading  reactive  current,  besides 
whatever  active  current  it  may  be  using.    The  magnitude  of  the  reactive 
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current  depencis  upon  how  much  the  machine  is  over-excited;  the  more 
the  over-excitation  the  greater  is  the  leading  current. 

The  annature  circuit  of  the  converter  may  be  represented  by  a  con- 
denser and  resistance  in  parallel  per  phase,  as  shown  in  Fig.  377.  The 
current  /«,  through  R,  represents  the  active  current  that  the  converter 
requires,  and  the  current  Ic  flowing  into  the  condenser  represents  the 
reactive  component  of  the  converter  current.  As  the  over-excitation  of 
the  machine  is  increased,  the  capacity  of  the  condenser  C  must  be  imagined 
to  increase  proportionately  in  order  that  the  circuit  of  Fig.  377  may 
correctly  represent  the  conditions  in  the  actual  synchronous  converter 
cireuit. 

In  Fig.  378  the  converter  is  again  imagined  as  consisting  of  a  resistance 


Fig.  377.  Fig.  378. 

Fig.  377. — .\ii  electrical  circuit  equivalent  to  an  over-excited   three-phase   convert^". 
Fig.  378. — This  diagram,  in  connection  with  that  of  Fig.  379,  show^  why  an  over-excit«d 
8>'nchronou8  converter  tends  to  compound  it^lf. 


and  a  condenser  in  parallel  per  phase,  and  there  is  an  inductance  L  in  each 
supply  line.  The  voltage  of  the  line  is  constant  (with  a  value  equal  to 
E,  per  phase,  irrespective  of  the  load  and  the  excitation  of  the  converter) 
and  we  wish  to  find  the  effect  on  Eg,  the  voltage  impressed  on  the  converter 
per  phase,  as  the  excitation  of  the  machine  is  increased.  In  Fig.  378 
this  increase  of  excitation  is  to  be  represented  by  an  increase  in  the 
capacity  of  C. 

326.  Vector  Diagram  of  the  Circuit. — The  vector  diagram  of  the  cur- 
rent and  e.m.fs.  is  shown  in  Fig.  379.  Suppose  that  at  first  there  is  no 
superexcitation  on  the  machine,  so  that  the  current  and  phase  voltage,  Est 
are  in  phase.  A  circular  arc  is  constructed  with  E  as  &  radius ;  the  e.m.f . 
to  overcome  the  drop  in  the  inductance  L  is  shown  at  El  and  hence  the 
voltage  across  the  armature  of  the  converter  is  found  by  vectorially 
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subtracting  El  from  E.    The  result,   Er,  is  found  to  be  slightlj'  less 
than  E. 

If  some  superexcitation  is  now  put  on  the  converter,  giving  a  con- 
denser current  /'«,  the  line  current  is  found  at  /';  the  e.m.f.  to  overcome 
the  inductance  drop  is  proportional  to  this  current  and  90°  ahead  of  it 
and  is  shown  at  E'l.  By  subtracting  this  E'l  from  E  we  find  the  con- 
verter voltage  at  E'r,  which  gives  a  voltage  somewhat  greater  than  the 
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Fig.  379. — Vector  diagram  of  the  various  voltages  of  the  circuit  in  Fig.  378,  showing 
the  compounding  action  of  the  line  inductors. 

impressed  phase  voltage  E.  (It  is  to  be  noticed  that  in  constructing  this 
diagram  El  and  E  must  always  so  combine  that  Er  is  found  in  phase  with 
Ir;  Ir  and  the  converter  voltage  Er  must  be  in  the  same  phase,  and 

on  the  vector  diagram  this  is  shown 
to  be  possible  by  the  phase  shifting 
of  E.) 

For  further  increases  in  the  field 
excitation  of  the  converter,  the  cur- 
rents are  shown  by  I"  and  /'"  and 
the  corresponding  voltages  are  shown 
by  E"r  and  E"'r.  It  is  thus  seen 
that,  when  there  is  inductance  drop 
in  the  line  supplying  the  a.c.  power 
to  the  machine,  it  is  possible  to  bring 
about  an  increase  in  the  voltage  im- 
pressed on  the  converter  by  sufficiently 
over-exciting  the  field,  even  though  the 
line  voUage,  E,  remains  constant. 

326.  Compounding  Accomplished 
Automatically. — As  the  ratio  of  the 
alternating  voltage  to  the  continuous 
voltage  is  practically  constant,  this 
increase  brought  about  in  the  impressed  voltage  means  a  corresponding 
increase  in  the  continuous  voltage  of  the  converter.  The  over-excitation 
of  the  converter  field  is  automatically  increased  as  the  load  increases,  by 
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Flo.  380. — Showing  the  compounding  ac- 
tion of  the  circuit  of  Fig.  378;  this 
amount  of  compounding  is  greater  than 
employed  in  practice. 
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means  of  a  series-field  winding  in  addition  to  the  shunt  field;  the  shunt 
Hold  has  enough  m.m.f.  to  give  the  machine  normal  excitation,  and  the 
over-excitation  of  the  converter  is  brought  about  entirely  by  the  series 
field.  By  introtiucing  sufficient  series  field  it  is  possible  to  compound  the 
converter  to  any  degree  desired.  There  is,  however,  a  practical  limit  to 
the  amount  of  compounding  possible,  for  if  too  much  inductance  is  intro- 
ducetl  the  converter  is  likely  to  hunt  badly.  This  method  of  compoimding 
is  accompanied  by  undue  heating  in  some  of  the  coils,  as  shown  in  Fig. 
374. 

P'igure  380  represents  the  effect  of  operating  a  small  converter,  having  a 


Fio.  381. — A  converter  fitted  witn  a  s\  iicnidiiuus  Dooster. 

strong  series  field,  on  a  line  having  a  correspondingly  high  inductance. 
These  results  were  obtained  in  the  laboratory;  such  heavy  compounding  is 
generally  not  found  in  practice. 

327.  Compounding  by  Synchronous  Booster. — When  this  method  of 
compounding  is  to  be  used,  the  armature  of  a  small  stationary-field  alter- 
nator is  sometimes  built  up  on  the  same  shaft  with  the  armature  of  the 
synchronous  converter,  and  the  field  frame  for  the  alternator  is  mounted 
on  the  side  of  the  converter  field  frame.  In  another  type  the  armature 
of  the  booster  is  stationary  and  the  field  revolves. 

The  alternator  armature  winding  must  be  of  the  same  number  of 
phases  as  the  converter  armature  winding;  its  current  capacity  must  be 
equal  to  that  of  the  converter  armature  and  its  normal  generated  voltage 
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must  be  at  least  equal  to  one-half  the  desired  amount  of  compound- 
ing. The  different  phases  of  the  booster  armature  winding  are  kept 
separate.  The  beginning  of  each  phase  is  connected  to  a  slip  ring  and  the 
end  is  connected  to  one  tap  of  the  converter  armature. 

The  a.c.  line  supplying  power  to  the  converter  is  connected  (through 
brushes)  to  the  alternator  slip  rings.  Hence  the  converter  is  connected 
to  the  a.c.  line  through  the  armature  of  the  alternator,  which,  by  suitable 
excitation  of  its  field,  may  be  made  either  to  raise  or  lower  the  voltage 
impressed  on  the  a.c.  taps  of  the  converter.  By  suitably  winding  the 
alternator  field  coils,  and  connecting  them  in  series  with  the  continuous- 
current  load,  the  compounding  may  be  made  automatic. 

A  synchronous  converter  fitted  with  a  synchronous  booster  is  shown  in 
Fig.  381.  This  machine  was  built  for  10  per  cent  compounding;  therefore, 
the  booster  is  somewhat  more  than  10  per  cent  of  the  capacity  of  the 
converter  itself. 

328.  Motor-generator  Sets. — One  disadvantage  of  using  a  synchronous 
converter  to  obtain  c.c.  power  from  an  a.c.  supply  is  that  the  continuous 
voltage  is  fixed;  in  many  cases  (notably  in  mine  installations)  c.c.  power 
of  variable  voltage  is  required.     For  this  purpose  a  motor-generator  set 

is  used  instead  of  a  synchronous 
converter.  An  induction,  or  syn- 
chronous, motor  takes  power  from 
the  a.c.  line  and  drives  a  contin- 
uous-current generator,  the  field 
excitation  of  which  may  be  varied. 
Of  course,  a  motor-generator  set 
costs  more  to  install  than  a  sj^n- 
chronous  converter  of  equal  ca- 
pacity, and  in  addition  it  is  not  as 
efficient  in  operation  as  the  con- 
verter; but  in  some  cases  the 
advantages  gained  by  an  adjustable, 
continuous  voltage  offset  these  dis- 
advantages. In  case  a  synchronous 
motor  is  used  as  the  driver  of  the 
motor-generator  set,  it  may  be  used 
to  correct  the  line  power  factor,  as 
was  shown  to  be  possible  in  section 
296. 

329.  Vibrating  Rectifiers.  Ro- 
tating Commutator  Rectifiers. — It 
frequently  happens  that  a  small  amount  of  c.c.  power  is  desired  where  only 
a.c.  power  is  at  hand ;  the  charging  of  automobile  storage  batteries  is  the 
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-Connection  scheme  of  the  vibrat- 
ing rectifier. 
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principal  instance  of  this  kind.  Generally  the  amount  of  power  desired  is 
not  sufficient  to  warrant  the  installation  of  a  motor-generator  set  or  a 
8>'nchronous  coiivortor,  and  some  simple,  cheap  device  nmst  lie  used. 

A  vibrating  nxtifier  which  is  on  the  market  funiishes  a  few  am- 
peres of  uni-directional  current  at  10  volts  or  less.  It  consists  of  a  polar- 
ized annature  whioh  is  so  pivoteti  that  when  acted  on  by  an  a.c.  magnet  it 
vibrates  back  and  forth.  A  diagram  of  the  connections  is  given  in  Fig.  382, 
and  a  cut  of  the  device  in  Fig,  383.  When  E  is  positive  (with  respect  to  H) 
the  batten.'  Ls  charged  through  the  contact 
C,  and  when  F  is  positive  (with  respect  to 
//)  the  battery  is  chained  through  the 
contact  C  These  contacts  must  be  ad- 
justable, so  that  sparking  maj'  be  elimi- 
nated. This  rectifier  is  small  and  simple 
to  operate  and  has  proved  verj'  useful. 
The  battery  cannot  be  connected  im- 
properly to  the  rectifier  and  cannot  dis- 
charge if  the  alternating  voltage  fails;  this 
makes  the  rectifier  a  verj'  reliable  piece  of 

apparatus.  P^^    383.— A  commercial  vibrat- 

Another  scheme  for  obtaming  a  small        ing  rectifier,  for  getting  a  few- 
amount   of  C.C.  power  employs  a   commu-         watts  of  power  with  uni-direc- 
tator  which  is  rotated  by  a  small  syn-        tional  current, 
chronous  motor.     The  commutator  has  as 

many  segments  as  the  motor  has  poles  and  every  other  s^i;ment  is  con- 
nected together.  Then  each  set  of  segments  is  connected  through  slip 
rings  and  bnishes  to  the  a.c.  supply  line.  Brushes  are  placed  on  the  com- 
mutator, and  the  batten'  to  be  charged  is  connected  to  these  brushes. 
Careful  adjustment  of  the  bnish  position  is  necessary  to  eliminate  spark- 
ing in  this  roctifying  dovico. 

330.  Mercury-arc  Rectifier. — Neither  of  the  devices  just  described  will 
operate  well  on  circuits  where  much  c.c.  power  is  desired,  because  sparking 
would  take  place  at  the  contacts  and  the  device  would  require  constant 
attention  when  in  operation. 

But  it  is  found  that  a  tube  filled  with  ionized  *  mercury  vafwr  (the  air 
having  Ijeen  exhausted  from  the  tube),  having  mercury  for  one  terminal 
and  some  such  inctal  as  iron  for  tho  other  tonuiiial.  f)ermil.s  of  the  jtassage 

*The  term  iomzeii  is  iw  i  •■'  <  :  iniftcnze  a  gfis  m  whirti  the  nonnal  atom  has  been 
somewhat  changed;  a  minu'  ;  i.iutity  of  negative  electricity  (called  an  eUetron)  has 
been  freed  from  the  atom  and  can  nK)vc  away  from  it.  .\  gas  in  which  this  change  has 
occurred  conducts  an  electric  current  quite  freely  and  is  said  to  be  ionized;  a  gas  in  its 
normal  condition  conducts  ver>'  poorly,  in  fact  it  i.s  a  good  insulator.  .\  ga."  may  be 
ionized  by  the  passage  through  it  of  an  electric  spark,  by  the  influem-e  uf  radium,  etc. 
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of  current  in  one  direction  only.  If  an  alternating  voltage  is  impressed  on 
the  two  terminals  of  the  tube,  current  will  flow  through  the  tube  only 
when  the  mercury  terminal  is  negative  and  the  iron  terminal  positive. 
In  the  tube  itself,  the  current  can  flow  from  the  iron  to  the  mercury  hut  cannot 
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Fig.  38'!. — In  a  bulb  of  this  type  current  will  be  conducted  in  one  direction  only,  with 
ordinary  voltages.  A  battery  in  series  with  the  a.c.  supply  will  therefore  receive 
pulses  of  uni-directional  current. 
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Fig.  385. — By  adding  another  anode  to  the  bulb  of  Fig.  384,  and  changing  the  connec- 
tions to  those  given  here,  the  current  through  the  battery  becomes  more  nearly 
uniform. 

flow  from  the  mercury  to  the  iron.  This  is  the  same  as  saying  that  elec- 
trons can  leave  the  mercury  and  flow  to  the  iron  through  the  tube,  but 
electrons  cannot  leave  the  iron  electrode  and  flow  in  the  opposite 
direction. 
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Tlme- 


FiG.  386.— If  the  transformer  of  Fig.  385  has 
sufficient  magnetic  leakage  the  shape  of 
the  uni-directionil  current  is  changed  to 
that  given  here. 


If  a  mercury  tul:)c  is  kept  filled  with  ionized  mercury  vapor  it  will 
therefore  act  as  a  recliJuing  valve;  the  current  which  flows  through  it  will 
W  pulsiitinj?,  as  shown  in  Fig.  384.  Although  such  a  pulsating  current  is 
not  suitable  for  motors  or  lamps, 
it  does  very  well  for  chaining 
storage  batteries.  By  the  addition 
of  another  positive  terminal  of 
iron,  and  by  using  connections  as 
shown  in  Fig.  385,  it  is  possible 
to  rectify  every  alternation,  in- 
stead of  every  other  one.  The 
mercury  terminal,  called  the 
cathode,  is  shown  at  C,  and  the 
two  iron  terminals,  called  the 
anodes,  are  shown  at  A  and  B. 
The  batter>^  is  connected  between  the  cathode  and  a  center  tap,  H,  on  the 
transformer.  When  F  is  positive  with  respect  to  H,  current  will  flow 
through  the  tube  and  batter>'  by  the  anode  A,  and  when  E  is  positive 
with  respect  to  H,  current  will  flow  through  the  battery  and  tube  by  the 

anode  B.  The  current  through  the  bat- 
tery will  therefore  have  the  form  given  in 
Fig.  385. 

331.  Ionization  of  Gas  Necessary  for 

the  Operation. — In  order  to    operate    as 

described  above,  it  is  necessary  that   the 

tube  be  filled  with  ionized  mercury  vapor. 

If  the  mercury  vapor  is  once  ionized  the 

current    flowing    through    the    tube    will 

maintain  the  ionization,  but  if  the  current 

ceases  for  a  fraction  of  a  second  the  vapor 

immediately  becomes  non-ionized  and  will 

f'^n-rTrrrirtrs  "^ot  cany  current.    Hence  a  tube  as  repre- 

' — \        I — '  sented  in  Fig.  385  would  not  maintain  its 

"       ^  ionization  because  the  current  repeatedly 

reaches  zero  value. 

If,  however,  the  transformer  supplying 
the  power  to  the  tube  is  designed  with  con- 
siderable leakage  (giving  it  self-induction) 
the  current  is  changed  from  the  form 
given  in  Fig.  385  to  that  given  in  Fig.  386;  this  current  never  reaches 
a  zero  value  after  the  tube  starts  to  operate;  hence  if  the  ionization  in 
the  tube  is  started  by  some  method,  the  current  itself  will  maintain  the 
ionization. 


^ 


Fig.  387. — ^To  give  the  initial  ion- 
ization in  the  mercury  rectifier, 
an  auxiliary  starting  electrode, 
D,  is  used;  after  the  tube  starts 
to  function,  switch,  S,  is  opened. 


380 


RECTIFYING  DEVICES 


[Chap.  X 


332.  Use  of  Starting  Anode. — To  start  the  ionization  an  additional 
anode,  called  the  starting  anode,  is  provided.  This  consists  of  a  pool  of 
mercuiy  close  to  the  cathode  as  shown  at  D  in  Fig.  387.  When  the  tube 
is  tipped  slightly  the  mercury  of  D  runs  over  and  makes  contact  with  C. 
If  the  starting  switch  S  is  closed,  a  current  will  flow  from  D  to  C,  its  magni- 
tude being  limited  by  the  resistance  R.  Now,  if  the  tube  is  tipped  back, 
the  mercury  bridge  connecting  C  and  D  is  broken  and  the  rupturing  of  the 
current  causes  a  slight  arc,  which  is  sufficient  to  produce  the  initial  ioniza- 
tion of  the  mercury  vapor. 

To  make  the  tube  start  readily,  a  starting  resistance  R',  controlled  by 
the  switch  S',  is  first  used  as  a  load.  After  the  tube  has  operated  through 
this  artificial  load  for  a  few  seconds,  it  becomes  warmed  and  the  battery 
may  then  be  connected  in  the  circuit  and  the  starting  resistance  cut  out. 
Of  course,  the  switch  *S,  controlling  the  starting  anode  D,  is  also  opened 
as  soon  as  the  tube  is  operating  properly. 

333.  Application  of  the  Mercury-arc  Rectifier.— The  principal  appli- 
cation of  the  mercury-arc  rectifier  is  for  charging  storage  batteries;  for 
this  purpose  the  tubes  are  made  in  various  sizes  with  capacities  of  3  to  50 

amperes.  For  greater  current  capacities, 
the  glass  tubes  are  likely  to  overheat, 
and  therefore  attempts  have  been  made 
to  utilize  metal  tubes  immersed  in  oil  to 
get  proper  cooling.  However,  the  metal 
used  must  be  one  which  does  not  amal- 
gamate with  mercury,  and  iron  seems  to 
be  the  only  suitable  substance.  As  an 
iron  tube  will  not  hold  a  proper  vacuum, 
tubes  suitable  for  heavy  currents  are  as 
yet  in  the  experimental  stage.  If  this 
problem  is  solved,  it  may  be  possible  to 
substitute  mercury  tubes  for  synchronous 
converters  in  railway  operation. 

Flaming  arc  lamps,  similar  to  the 
magnetite  lamps,  are  still  used  to  some 
extent,  and  these  require  continuous  cm-- 
rent  for  their  operation.  Series  are- 
lamp  systems  are  most  conveniently 
operated  from  constant-current  trans- 
formers, which,  of  course,  require  an 
alternating-current  power  supply.  The 
secondary  of  the  transformer,  instead  of 
being  connected  to  the  lamp  circuit  directly,  is  connected  through  a  mer- 
cury tube  so  that  the  arc  lamps  operate  on  a  rectified  current.      The 


Fig.  388. — A  commercial  form  of 
mercury  rectifier,  for  charging 
storage  batteries. 
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oiwtant-cnurent  traiiKfoniior  ojKTatfs  to  give  practically  constant  cur- 
rent, just  88  if  the  mercury  rectifier  were  not  in  the  circuit. 

A  view  of  a  niereur>'  tulx»  outfit  for  charging  storage  batteries  is  shown 
in  Fig.  388;   this  tul)e  is  designini  to  carrj'  30  ani|)eres,  and  the  tulx;  is 

-'ncrally  guaranteed  to  give  400  hours'  life.  As  a  matter  of  fact,  these 
-  generally  give  mon»  than  1000  hours*  life  in  actual  operation;  their 
v  is  duo  to  a  change  in  the  vacuum. 
334.  Thermionic  Rectifiers. — For  rectifying  small  amounts  of  power, 
a  new^  type  of  rectifier  is  now  available  w^hich  utilizes  the  idea  of  the 
mercur>'-arc  rectifier  in  addition  to  electron  evaporation  from  hot  metals. 
In  one  form  of  this  rectifier,  called  the  tungar  rectifier,  a  small  bulb  is 
tilled  with  some  inert  gas,  such  as  argon,  at  a  low  pressure.  An  anode  is 
plat'etl  close  to  a  tungsten  filament,  w^hich  can  l)e  heated  to  incandescence 
l)y  passing  current  through  it.  If  a  source  of  alternating  voltage  is  con- 
nocte<l  to  the  aiKxle  and  hot  filament,  current  will  flow  through  the  tulie 
only  when  the  filament  is  negative  with  respect  to  the  anode.  When  the 
filament  is  negative,  electrons  which  evaporate  from  its  hot  surface  are 
attracted  to  the  anode  and  on  their  way  across  they  ionize  the  ai^on. 
This  ionized  gas  conducts  current  quite  freely.  When  the  anode  is  nega- 
tive with  respect  to  the  hot  filament,  the  evaporated  electrons  are  not 
attractetl  to  it  and  so  the  gas  is  not  ionized  and  does  not  conduct.  The 
rectifying  action  of  the  tube  is  due  to  one  terminal  lx;ing  sufficiently  hot 
to  evaporate  electrons,  and  the  other  not  so  hot. 


CHAPTER  XI 
SINGLE-PHASE  MOTORS 

335.  Single-phase  Induction  Motor. — All  of  the  analyses  of  induction- 
motor  action  given  in  Chapter  VIII  were  carried  out  with  a  polyphase 
motor  in  mind.  In  some  respects  the  single-phase  induction  motor  differs 
from  the  polyphase  motor.  Unless  supplied  with  some  additional  starting 
device,  such  as  a  commutator,  or  extra  stator  winding  with  inductances 
or  condensers,  etc.,  the  single-phase  induclion  motor  has  no  starting  torque. 
But  when  the  motor  is  operating  near  synchronous  speed  (with  not  much 
more  than  20  per  cent  slip)  its  characteristics  are  exactly  like  those  of  a 
polyphase  induction  motor.  There  are  some  differences,  such  as  a  lower 
power  factor  and  less  slip  in  the  single-phase  motor  than  in  the  polyphase, 
but  these  differences  are  slight. 

The  absence  of  starting  torque  is  due  to  the  fact  that  the  stator  has 
only  one  set  of  coils  and  is  supplied  with  single-phase  current  only ;  it  can, 
therefore,  produce  only  an  oscillating  magnetic  field  and  not  a  rotating  mag- 
netic field.  To  develop  torque  it  is  necessary  to  have  a  rotating  magnetic 
field,  as  was  shown  for  the  polyphase  motor.  When  the  motor  is  running 
at  nearly  synchronous  speed,  the  rotor  currents,  acting  in  conjimction 
with  the  single-phase  stator  winding,  actually  do  produce  a  rotating 
magnetic  field,  and  for  this  reason  the  single-phase  and  polyphase  motors 
act  alike  near  synchronous  speed. 

336.  Split-phase  Method  for  Starting  a  Single-phase  Motor. — One 

way    of     designing    a     single-phase 

Main  Coil  A        i         •         -i  J.       i.'  i 

j-TnjTT^xATnnpi  motor  to  give  it  a  starting  torque  is 
known  as  the  split-phase  method. 
Although  there  is  only  one  winding 
on  the  stator  which  can  carry  much 
current,  there  is  an  additional  wind- 
ing at  90  degrees  to  this,  which  is  of 
sufficient  size  to  carry  a  magnetizing 
current  during  the  starting  period 
Fig.  389.-One  scheme  for  string  a  o^^>^-  After  the  rotor  approaches  syn- 
split-phase  induction  motor.  chronous  speed  this  additional  wind- 

ing is  automatically  cut  out  of  the  cir- 
cuit.    Fig.  389  shows  the  connection  for  such  a  split-phase  motor;    the 
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auxiliar>'  coil  is  connected  to  the  single-phase  supply  line  through  a  coiv- 
denser.  This  condenser,  if  large  enough,  will  make  the  current  in  the 
auxiliar>'  coil  load  the  current  in  the  main  coil  by  perhaps  45",  hence  the 
two  coils  act  like  the  two  coils  of  a  two-phase  motor  and  protluce  a  rotat- 
ing magnetic  field.  After  a  suitable  speed  has  been  reache<l,  the  auxiliary 
circuit  is  openetl  to  prevent  overheating.  An  inductance  may  be  used 
instead  of  a  condenser  to  bring  about  tho  iiocossiirx'  f)ha.so  difTerence  of 
the  currents  in  the  two  windings. 

337.  Single-phase  Commutator  Type  of  Motor. — Another  type  of 
single-phivso  iniluction  motor  which  is  much  used  employs  a  rotor  fitted 
with    a    commutator    and 

bnishes,  quite  similar  to  a 
continuous-current  motor. 
After  the  motor  reaches  the 
proper  3pee<l,  all  of  the 
commutator  bars  are  auto- 
matically short  -  circuited 
and  the  brushes  lifted  from 
the  commutator.  This  ac- 
tion changes  the  rotor  to 
an  ordinar>'  squirrel-cage 
rotor.  This  motor  starts 
on  the  same  principle  as 
the  repulsion  motor,  which 
is  discussed  in  a  succee<linft 
section.  .\  view  of  the 
commutator  end  of  the 
motor  i.s  sho\^Ti  in  Fig.  390. 

338.  Polyphase     Motor 
Superior    to    Single-phase 

Motor. — It  i.s  evident  that  the  polyphase  motor  is  much  more  suitable  for 
ordinary  installations  than  the  single-phase  motor;  in  the  first  place  the 
polyphase  motor  costs  less  per  h.p.  than  the  single-phase  and  is  mon^ 
efficient  in  operation.  In  addition,  no  extra  devices  are  necessary  with 
the  polyphase  motor  to  produce  a  starting  torque.  Because  of  these 
facts  the  single-phase  motor  is  used  only  in  small  sizes,  and  where  poly- 
phase power  is  not  available. 

339.  Application  of  the  Single-phase  Series  Motor. — As  was  explained 
in  Chapter  IX  of  Vol.  I,  a  motor  suitable  for  electric  traction  must  have  a 
high  starting  torque,  a  variable  speed-load  curve  and  good  cfiiciency  when 
operating  at  widely  differing  speeds. 

The  inditction  motor  runs  at  nearly  con.stant  speed  irrespective  of  load. 
Any  attempt  to  n'gulate  the  si)ced  necessarily  results  in  docreased  efficiency, 


Fig.  390. — A  single-phase  moUn  .. ;..v..  .;...;.  m  the 
repulsion-motor  principle. 
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unless  complex  connections  are  introduced.  The  cascade  connection  of 
two  motors  gives  only  a  definite  change  in  speed,  and  the  same  is  true  of 
the  scheme  wherein  the  number  of  poles  is  varied.  Instead  of  having  one 
speed  of  efficient  operation,  the  motor  has  two  speeds,  but  neither  of  these 
schemes  gives  a  variable-speed  motor,  and  in  addition  the  switching  and 
wiring  become  complicated.  If  rotor  resistance  is  relied  upon  for  speed 
variation  a  low  efficiency  is  obtained  at  the  same  time. 

The  synchronous  motor  has  a  rather  small  starting  torque  (when  started 
as  an  induction  motor)  and  operates  at  constant  speed,  irrespective  of 
load;  it  is  evidently  not  suited  for  railway  purposes. 

The  single-phase  series  motor,  however,  has  starting  and  running  char- 
acteristics very  similar  to  those  of  the  c.c.  series  motor  and  is  thus  suited 
for  railway  work.  This  type  of  a.c.  motor  has  been  developed  as  a  rail- 
way motor  and  is  used  to  a  limited  extent  for  this  purpose.     The  most 
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Fig.  391. — A  simplified  diagram  of  the  electrical  distribution,  and  power  losses,  in  a 
railway  system.  Somewhat  less  than  50  per  cent  of  the  power  leaving  the  station 
gets  to  the  car  wheel. 

notable  example  is  the  New  York,  New  Haven  &  Hartford  R.R.,  which 
has  been  operating  for  several  years  with  single-phase  series-motor  loco- 
motives. It  seems  to  be  fairly  successful  in  this  installation,  but  because 
of  its  inferiority  to  the  c.c.  series  motor,  it  is  not  likely  to  come  into  exten- 
sive use. 

340.  A.C.  Series  Motor  vs.  C.C.  Series  Motor. — At  present,  nearly  all 
electric  railways  in  this  country  use  the  continuous-current  series  motor 
as  their  motive  power.  The  distribution  of  the  electric  power  from  the 
generating  station  to  the  car  wheel  is  inefficient  because  of  the  many  steps 
involved. 

The  power  is  generated  as  alternating-current,  goes  through  step-up 
transformers  at  the  station  to  the  high-tension  transmission  line  and  so  to 
the  sub-station;  there  it  goes  through  step-down  transformcre  to  the  syn- 
chronous converter,  where  it  is  changed  to  c.c.  power  and  is  sent  out  through 
the  c.c.  feeders  and  trolley  to  the  car.  The  sp(>od  control  of  the  seri(^s 
motor  requires  the  use  of  rheostats,  and  considerable  power  is  used  uj)  in 
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thoso  as  well  as  in  all  tin*  othor  parts  of  the  system  just  enumerated; 
probably  not  more  than  45  per  cent  of  the  power  generated  in  the  main 
station  is  delivereti  to  the  car  who<»l.  Of  course,  this  figure  will  vary 
widely  in  different  installations,  dopending  upon  the  type  of  apparatus 
installeii,  schedule  of  cars,  etc. 

The  system  of  distribution  and  probable  losses  in  each  part  of  the 
s>'stem  are  given  in  Fig.  391;  the  different  percentages  given  show  the 
approximate*  loss  of  power  in  that  part  of  the  sj'stem.  These  figures  will 
var>*  widely  for  diflforent  installations. 

In  case  the  alternating-current  series  motor  is  used  on  the  car,  the 
I>ower  distribution  is  much  simpler.  At  the  station  there  may  lie  a  step-up 
t  ransfoniier  connectenl  directly  to  the  trolley  and  feeders  and  then  through 
an  auto-transformer  on  the  car  to  the  motor.  As  speed  control  is  obtained 
by  var>'ing  the  ratio  of  the  transformer,  no  rheostat  losses  occur  at  the 
motor;  evidently  the  losses  in  such  a  distributing  sj'stem  will  be  much  less 
than  those  of  a  c.c.  system.  If  the  a.c.  motor  were  as  efficient  and  reliable 
;is  the  c.c.  series  motor,  probably  all  railway  installations  would  use  alter- 
nating-curront  power. 

341.  Principle  of  Operation. — A  continuous-current  series  motor  will 
run  in  the  same  direction,  whichever  way  it  is  connected  to  the  c.c.  line,  pro- 
vided the  relative  connection  of  its  annature  and  field  is  left  undisturbed. 
Hence,  it  follows  that  a  c.c.  series  motor,  connected  to  an  a.c.  line,  would 
exert  a  uni-directional  torque,  and  would  revolve  continuously  in  the  same 
direction  and  not  oscillate  back  and  forth  as  might  be  expected. 

Such  an  application  of  the  c.c.  motor  is  not  feasible  because  of  the  low 
orque  which  it  would  give,  the  heating  of  the  yoke  and  poles,  and  the  heavy 
sparking  which  would  occur  at  the  brushes.  The  low  torque  would  result 
from  the  high  impedance  of  the  field  winding,  which  would  permit  but 
little  current  to  flow  through  the  motor;  the  heating  of  the  poles  and 
yoke  would  result  from  the  excessive  eddy-current  losses  due  to  the  alter- 
nating magnetic  field  through  this  part  of  the  magnetic  circuit;  and  the 
sparking  would  result  from  certain  causes  taken  up  in  a  succeeding  para- 
griph. 

342.  Construction. — In  a  series  c.c.  motor  the  flux  through  the  field 
frame  is  unidirectional  and  constant,  and  therefore  this  part  of  the  mag- 
netic circuit  may  be  made  solid,  of  ca.st  steel.  It  is  only  the  armature,  in 
which  the  flux  reverses,  owing  to  the  rotation  of  the  armature,  which  is 
necessarily  made  of  laminated  iron.  But  in  the  series  a.c.  motor  the 
current  through  the  field  coils  is  alternating  and  hence  the  flux  through  all 
of  the  magnetic  circuit  is  altemcUing;  therefore,  the  entire  field  structure,  as 
well  as  the  armature  core,  must  be  made  of  laminated  iron.  Because  of 
this  fact,  the  series  a.c.  motor  cannot  be  constructed  as  cheaply  nor  of 
such  rigid  mechanical  design  as  the  c.c.  motor. 
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The  field  coils  of  the  a.c.  series  motor  consist  of  but  very  few  turns  as 
compared  to  those  of  the  c.c.  motor,  and  it  is  found  that  the  field  frame  is 
best  made  without  projecting  poles,  such  as  are  used  on  the  c.c.  motor. 
The  field  frame  resembles  very  much  the  stator  of  an  induction  motor,  the 
field  coils  being  imbedded  in  slots. 

It  would  not  be  well  to  fill  all  the  slots  with  field  coils,  as  such  a  design 
would  not  be  efficient.  But  it  is  found  necessary  to  put  on  the  field  frame 
an  additional  set  of  coils  called  the  compensating  winding.  The  two  sets  of 
coils  (main  field  and  compensating  field)  completely  fill  the  slots  of  the 
field  so  that  it  resembles  very  closely  the  stator  of  an  induction  motor. 


Fig.  392. — The  field  structure  of  a  single-phase  series,  railway  motor. 

The  field  of  a  series  a.c.  motor  is  shown  in  Fig.  392;  this  field  is  com- 
pletely assembled  and  ready  for  the  armature. 

The  armature  of  an  a.c.  motor  resembles  that  of  a  c.c.  motor  very 
closely;  the  only  difference  is  due  to  the  manner  of  winding.  The  number 
of  turns  per  coil  is  very  low  in  the  a.c.  motor  and  these  coils  are  not  con- 
nect(Kl  directly  to  the  commutator  bars  but  through  resistance  leads,  to  be 
explained  later. 

343.  Power  Factor — Compensating  Winding. — If  a  c.c.  series  motor 
were  operated  on  an  a.c.  circuit,  the  power  factor  would  be  very  low, 
probably  not  more  than  0.30  or  0.40.  This  low  power  factor  would  be  due 
to  the  high  inductance  of  the  field  and  armature  windings  and  could  be 
increased  only  by  decreasing  the  self-induction  of  these  two  windings. 

We  know  that  an  a.c.  system  with  a  low  power  factor  is  verj'  inefficient, 
both  from  the  standpoint  of  first  cost  and  from  that  of  operating  cost; 
the  series  a.c.  motor  must  therefore  be  designed  with  low  self-induction 
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if  it  is  to  be  successful.  The  self-induction  of  the  field  winding  is  kept 
low  by  using /euwr  titnu  than  would  he  used  for  a  similar  c.c.  motor,  and 
the  self-induction  of  the  annature  winding  is  reduced  to  practically  zero 
by  the  use  of  a  compensating  winding. 

This  winding  consists  of  a  set  of  coils,  wound  in  slots  in  the  field  frame 
in  such  a  manner  that  their  magnetomotive  force  is  just  equal  and  oppo- 
site to  that  of  the  armature  coils.  Hence  the  armature  cannot  build  up  a 
magnetic  field  lx»cause  of  these  compensating  coiLs,  and  so  it  has  prac- 
tically no  self-induction.  The  compensating  winding  is  connected  in  series 
with  the  armature  so  that  the  magnetic  effects  of  the  armature  coils  are 
neutralized  at  all  loads. 

Even  though  the  self-induction  of  the  armature  is  reduced  to  nearly 
zero  by  the  compensating  winding,  the  motor  cannot  be  successfully  used  on 
60-cycle  circuits.  The  self-induction  of  the  field  coils  is  so  lai^e  that  the 
power  factor  of  the  motor  is  small  if  used  on  a  circuit  of  frequency  greater 
than  25  cycles.  The  advocates  of  this  typx?  of  motor  have  agitated  for 
15-cycle  power  for  railway  operation,  but  this  frequency  is  not  likely  to 
become  standard  in  America.  Practically  all  alternating-current  series 
motors  are  designed  for  25-cycle  power. 

The  flux  density  in  an  a.c.  motor  must  be  kept  low  in  order  to  prevent 
heavy  hj'steresis  and  eddy-current  losses  in  the  field  frame;  thus,  for  a 
given  rating  the  a.c.  motor  is  larger 
than  the  c.c.  motor.  Also,  to  produce 
the  required  torque,  the  armature 
must  have  a  larger  number  of  con- 
ductors in  the  a.c.  motor  because  of 
the  low  flux  density  used ;  this  lai^er 
number  of  armature  turns  does  not 
increase  the  self-induction  of  the  motor 
because  of  the  action  of  the  compen- 
sating winding. 

In  Fig.  393  is  shown  a  cross-section 
of  an  a.c.  series  motor  showing  the 
relative  positions  of  the  main  field, 
compensating  field,  and  brashes.  As 
the  compensating  coils  carr\'  twice  as 
much  current  as  the  armature  coils, 
it  is  necessary  to  have  only  half  as 

many  turns  in  the  compensating  coils  as  in  the  armature.  In  Fig.  393 
the  compensating  coils  are  indicated  by  dotted  lines  and  the  main  field 
coils  by  full  lines. 

344.  Commutation. — Sparkless  commutation  is  a  ver>'  difficult  thing 
to  obtain  on  the  a.c.  series  motor;  of  course,  in  the  c.c.  motor  commuta- 


Fio.  393. — Conventional  croes-soction 
<rf  a  series  a.c.  njotor,  shownng  how 
the  main  and  compensating  fields  are 
disposed. 
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tion  is  the  most  difficult  problem  for  the  designer  to  solve,  but  in  the  a.c. 
motor  it  is  a  much  harder  problem. 

The  difficulties  met  in  the  c.c.  motor  are  present  in  the  a.c.  motor  and, 
in  addition,  there  is  a  transformer  effect  of  the  field  on  the  armature  coils 
which  may  produce  a  large  current  in  those  coils  which  are  short-circuited  by 
the  brushes.  In  Fig.  394  is  shown  a  diagram  of  the  field  and  armature 
coils,  a  ring  armature  being  shown  for  simplicity  of  representation. 

The  coils  marked  X  and  Y  are  short-circuited  by  the  brushes  and 
these  coils  are  threaded  by  the  field  flux,  which  is  alternating.  Hence  an 
e.m.f.  will  be  induced  in  coils  X  and  Y  just  as  though  they  were  the  second- 
ary winding  of  a  transformer  of  which  the  field  coils  represent  the  primary'. 
This  transformer  e.m.f.  will  set  up  a  large  current  in  the  short-circuited 


Fig.  394.  Fig.  395. 

Fig.  394. — Showing  how  a  transformer  e.m.f.  is  induced  in  the  coils  short-circuited  by  the 
brushes. 

Fig.  395. — Resistance  leads  are  connected  between  the  coil  connections  and  the  com- 
mutator bars,  to  limit  the  current  set  up  in  the  short-circuited  coil  by  the 
transformer  e.m.f. 

coils  and  the  rupturing  of  this  current  as  the  coil  moves  from  imder  the 
brushes  causes  heavy  sparking  at  the  commutator. 

345.  Commutating  Poles  of  no  Use  on  an  A.C.  Motor. — Commutating 
poles  cannot  be  used  to  overcome  the  difficulty  as  in  the  c.c.  motor, 
because  this  transformer  e.m.f.  in  the  short-circuited  coih  is  greatest  when 
the  motor  current  is  passing  through  its  zero  value.  Hence,  if  commutating 
poles  were  used  in  series  with  the  armature  as  in  the  c.c.  motor,  the  flux 
from  the  commutating  poles  would  be  zero  when  it  shoidd  be  a  maximum. 
The  method  of  eliminating  the  trouble  is  not  by  commutating  poles  but 
by  increasing  the  resistance  of  the  circuit  through  which  the  transformer 
current  flows. 

346.  Resistance  Leads. — The  resistance  of  the  coil  itself  is  not 
increased,  but  an  extra  resistance  is  introduced  in  the  leads  connecting 
the  coils  to  the  commutator  bars.     These  leads  (sometimes  called  preventive 
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leofU)  genorallj'  consist  of  a  piece  of  resistance  wire,  which  is  placed  in  the 
bottom  of  the  same  armature  slot  in  which  the  coil  is  to  be  placed. 
These  leatls  have  a  resistance  which  is  about  twice  that  of  the  coil  itself, 
and  are  introduced  into  each  comnuitator  coniioction  as  shown  by  r,r,r, 
in  Fig.  395. 

The  path  for  the  transfonner  current  is  made  up  of  the  coil,  two  resist- 
ance leads,  two  commutator  bars,  and  the  brush,  so  that  the  use  of  these 
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Fig.  396. — Operating  characteristics  of  a  5  h.p.  single-phase  scries  motor. 


leads  cuts  down  the  transformer  current  in  a  coil  to  about  one-fifth  the 
value  it  would  have  without  them. 

The  addition  of  these  resistance  leads  does  not  materially  affect  the 
resistance  of  the  armature  as  a  whole,  because  the  total  armature  resist- 
ance between  bnishes  is  many  times  that  of  one  coil  and  the  load  current 
has  to  flow  through  only  two  of  the  resistance  leads  in  addition  to  the 
coils.  Thus,  if  the  armature  had  100  coils  and  each  resistance  lead  had 
twice  the  resistance  of  a  coil,  the  resistance  of  the  armature  between  brushes 
would  be  64/50  as  great  as  though  no  resistance  leads  were  used,  while 
the  resistance  of  the  path  of  the  transformer  current  would  be  increased 
five  times.    It  is  claimed  that  the  use  of  such  leads  makes  sparkless 
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commutation  possible  at  all  loads  on  the  a.c.  series  motor,  and  also  that 
the  leads  show  no  deterioration  after  much  service. 

347.  Operating  Characteristics. — The  operating,  or  running,  char- 
acteristics of  the  motor  resemble  very  much  those  of  the  c.c.  series  motor. 
A  small  series  motor  tested  in  the  laboratory  gave  results  as  shown  in 
Fig.  396. 

The  torque,  or  tractive  effort,  increases  nearly  as  the  square  of  the 
current,  being  a  maximum  for  the  lowest  speeds;  this  is  one  of  the  char- 
acteristics that  make  the  motor  suitable  for  tractive  work.  The  efficiency 
is  fairly  high  for  all  loads  in  the  working  range  of  the  motor,  but  is  lower 
for  all  loads  than  that  of  a  corresponding  c.c.  motor.     The  extra  iron  and 

copper  losses  in  the  a.c.  motor  account 
for  this  fact. 

The  power  factor  is  a  maximum  for 
the  high  speeds  and  gradually  decreases 
with  increase  of  load.  The  reason  for 
this  may  be  seen  by  reference  to  the 
vector  diagram  shown  in  Fig.  397.  The 
impressed  voltage  on  the  motor  is  con- 
stant, and  in  Fig.  397  is  given  by  the 
radius  OD  of  the  circular  arc  CC'D.  The 
phase  of  the  current  is  assumed  as  01. 
There  are  three  reactions  balancing  the 
Fio.  397.-Vector  diagram  for  the  impressed  e.m.f.  of  the  motor,  viz.,  the 
single-phase  series  motor.  mductance    reaction,    which    is    propor- 

tional to  the  current,  the  resistance 
reaction,  also  proportional  to  the  current,  and  the  c.e.m.f.  due  to  the 
rotation  of  the  armature  conductors. 

For  a  current  of  10  amperes  the  inductance  drop  of  the  motor  tested 
was  OA,the  power  factor  was  cos  </>  and  the  vector  OB  is  the  arithmetical 
sum  of  the  IR  drop  and  c.e.m.f.  of  the  motor.  For  40  amperes  the  in- 
ductance drop  was  OA'  and  the  power  factor  was  cos  ({>',  which  is  evidently 
less  than  cos  (/>.  As  the  vector  OB'  is  less  than  OB,  and  as  the  IR  drop 
for  40  amperes  is  evidently  greater  than  for  10  ami^eres,  it  follows  that 
the  c.e.m.f.  is  less  for  40  amperes  than  for  10  amperes.  Furthermore  as 
the  field  flux  must  be  greater  with  the  40  amperes,  it  follows  that  the 
speed  must  have  decreased  rapidly  with  the  increase  in  armature  current. 
These  characteristics  are  just  those  shown  in  Fig.  396. 

348.  The  Repulsion  Motor. — This  motor  is  one  employing  a  wound 
armature  with  commutator  and  brushes,  but  the  armature  circuit  is  not 
connected  electrically  to  the  power-supply  line.  It  was  first  developed 
by  Elihu  Thomson  in  1887,  but  has  not  yet  come  into  very  extensive  use. 
It  has  operating  characteristics  very  similar  to  those  of  the  series  a.c. 
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iiiotur.  It  htm  an  advantage  uvor  the  si-rk's  iiiutur  in  that  its  annatun>  in 
not  connected  to  the  pwwer  line  and  so  its  power  supply,  which  is  fed  into 
the  field  circuit  only,  may  be  of  much  higher  voltage  than  can  well  be 
used  on  the  series  motor. 

I  he  principle  on  which  the  motor  operates  may  be  understood  by 
rrfcrence  to  Fig.  398.  The  field  circuit  is  connected  to  the  iK)wer  supply 
and  so  an  alternating  flux  is  set  up  in  the  armature.  The  annaturo  brushes 
ire  short-circuited  and  the  plane  of  the  brushes,  A-B,  is  at  an  angle  with 
the  direction  of  the  magnetic  field.  An  e.m.f.  is  induced  in  the  armature 
coils  by  the  alternating  field  flux,  and  this  e.m.f.  causes  a  current  to  circu- 
late through  the  armature  coils  and  the  path  connecting  the  brushes 


Fic.  398. 


Fio.  399. 


'i.  398. — A  8in)plifi(>d  diagram  of  a  repulsion  motor,  to  bring  out  the  principle  involved 

in   its  oix>ratiun. 
I'lo.  399. — To  show  how  the  torque  and  current  of  the  short-circuited  coil  var>'  with 

it«  poRition  in  the  field. 


together.  The  armature  conductors  carrying  current  react  on  the  mag- 
netic field  set  up  by  the  field  coil  and  so  produce  a  torque.  The  magni- 
tude of  this  torque  depends  upon  the  value  of  the  angle  a.  Fig.  398,  and 
the  direction  of  the  torque  is  always  the  same  as  that  in  which  the  brushes 
A    fi  have  l)een  niovod  away  from  the  center  line  of  the  field. 

349.  Torque  Varies  with  the  Position  of  the  Brushes. — The  depend- 
<iicc  of  the  torque  upon  the  angle  a  may  Ix;  seen  by  reference  to  Fig.  399. 
1  >iy  armature  having  short-circuited  brushes  may  be  rejrreserUed  bij  one 
'ort-circuiled  turn,  this  turn  being  in  a  plane  90°  away  from  the  plane  of 
the  brushes.  In  Fig.  399,  for  example,  the  short-circuited  coil,  AB,  is 
<'(|Mivalent  to  an  armatun^  having  its  bnishes  in  the  plane  A'l',  parallel  to 
the  field.     Now  surh  a  .short-{'ircuit<«<I  turn  ju'*  Ali  (Fij;.  MK))  uotild  liavo  a 
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large  short-circuit  current  fiovviiig  in  it  as  soon  as  the  field  of  the  motor 
was  excited,  but  this  large  current  could  produce  no  turning  effort  because 
the  conductors  A  and  B,  in  which  the  current  is  supposed  to  be  circulating, 
lie  in  a  zero  magnetic  field. 

Suppose,  now,  that  the  short-circuited  brushes  of  the  repulsion  motor 
are  advanced  90°  so  that  the  one  armature  coil,  representing  all  the  arma- 
ture winding,  is  in  the  position  A'B',  Fig.  399.  Evidently  the  coil  could 
produce  no  turning  effort  because  no  current  would  circulate  in  it.  The 
plane  of  the  coil  is  parallel  to  that  of  the  flux,  and  hence  there  is  no  e.m.f. 
induced  in  it  by  the  alternating  field  flux. 

If  the  brushes  are  now  placed  in  such  a  position  that  the  equivalent 
armature  coil  is  shown  by  A"B"  in  Fig.  399,  it  is  evident  that  there  will  be 
a  current  flowing  in  the  conductors  of  the  short-circuited  armature  and  that 
these  conductors  will  lie  in  a  magnetic  field.  Hence  there  will  be  a  force 
exerted  between  the  field  and  the  armature  conductors  tending  to  make 
the  armature  turn.  As  the  flux  alternates,  this  torque  will  continue  to  be 
in  the  same  direction,  because  the  current  in  the  armature  and  the  field  flux 
both  reverse  together,  so  that  the  force  between  them  is  constantly  in  the 
same  direction. 

To  discuss  this  point  more  completely,  it  would  be  necessary  to  con- 
sider the  relative  phases  of  the  field  flux  and  armature  current  and  tiiis 
would  complicate  the  question  too  much.  We  have  given  enough  anah'sis 
to  show  that  the  torque  of  such  a  motor  (like  that  of  the  series  a.c.  motor) 
is  uni-directional  and  pulsating. 

When    the    armature    conductors    are 
represented   by   the   equivalent    coil 
A"B",  the  brushes  must  be  at  right 
angles  to  the  plane  of  this  coil,  as 
shown  by  CC  in  Fig.  399.     When 
the  brushes  are  placed  back  of  the 
center  line  of  the  magnetic  field,  the 
armature  will  rotate  in   a   coimter- 
clockwise   direction    and    vice    versa. 
Hence,  to  vary  the  torque  of  a  repul- 
sion motor  in  magnitude  and  direc- 
tion, it  is  only  necessary  to  change 
the  position  of   the  brushes  on   the 
commutator.     The  variation  of  the 
torque  and  current  with  the  position 
of  the  brushes  is  shown  in  the  curves  of  Fig.  400.     It  is  seen  that  the  cui- 
rent,  as  well  as  the  torque,  varies  greatly  with  the  position  of  the  brushes. 
351.  Compensated  Repulsion  Motor. — The  power  factor  of  the  rei^il- 
sion  motor  described  in  th(^  picccHling  sections  is  rather  low,  and  this  is, 


350.  Direction    of    Rotation.- 
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r  course,  objectionable.    Several  schemes  have  been  developed  for  increas- 

:ij5  the  power  factor;  a  motor  in  which  this  is  attempted  is  called  a  com- 

>*maated  repulsion  motor. 

The  iceneral  scheme  is  to  have  a  winding  so  placed  on  cither  the  field 
or  annaturc  that  the  effect  of  the  field  inductance  is  practically  neutralized. 
One  of  the  simplest  of  these  schemes  is 
shown  in  Fig.  401.  This  tj-pe  of  motor 
was  developed  by  Winter  and  Eichberg; 
it  gives  the  same  characteristics  as  the 
nrdinar\'  repulsion  motor,  with  the  ex- 

I  ption  that  the  power  factor  is  much 
higher.  The  short-circuited  brushes 
are  placed  in  the  plane  of  the  magnetic 
field,  and  an  extra  set  of  brushes,  at 
right  angles  to  the  first  pair,  is  con- 
nected to  the  secondarj*^  of  a  trans- 
fonner,  the  primar>'  of  which  is  placed 
in  the  power-supply  line,  in  series  with 
t  he  motor  field  winding.  The  secondar>' 
has  several   taps,   so   that  the   power 

ictor  may  be  maintained  high  at  various  speeds.  Other  motors  of 
iiiis  general  type  are  available  which  maintain  a  power  factor  close  to 
unity  for  all  loads.    In  general,  the  compensated  motor  is  more  bulky 

ud  costly  than  one  of  the  non-compensated  type. 


Fig.  401. — Showing  the  general  idea  of 
a  compensated  repulsion  motor. 


CHAPTER  XIT 
THE  TRANSMISSION  OF  POWER 

362.  The  General  Problem. — It  is  evident  that  the  transmission  of 
power  must  constitute  one  of  the  chief  problems  of  the  electrical  engineer. 
In  the  first  small  electric  plants,  the  customers  were  all  situated  within  a 
short  distance  of  the  power  house,  and  the  transmission  of  the  power  was 
therefore  a  very  simple  problem.  With  the  more  general  use  of  electrical 
power  and  the  combining  of  many  small  power  plants  into  a  few  large 
ones  (with  resultant  economy)  the  distance  over  which  the  power  must  be 
distributed  has  continually  increased.  Moreover,  as  the  operation  of 
coal-fed  power  houses  involves  an  ever-mounting  fuel  cost,  the  power 
stations  of  the  country  must  gravitate  to  the  coal  fields  themselves  (thus 
saving  coal  haulage)  and  to  the  water-power  regions.  This  tendency  further 
emphasizes  the  problems  of  transmitting  large  blocks  of  power  over  great 
distances,  the  large  industrial  centers  generally  being  far  distant  from  the 
coal  mines  and  water  falls. 

353.  Voltages  Used  in  Transmission  Lines. — The  power  lost  in  a 
given  transmission  line  varies  with  the  square  of  the  current;  hence  the 
current  must  be  kept  low  to  make  the  transmission  an  economical  one. 
Of  course,  even  if  the  current  is  high  it  is  theoretically  possible  to  keep 
the  loss  small  by  keeping  the  resistance  low,  but  this  can  be  done  only  by 
greatly  increasing  the  investment  for  copper.  As  such  increased  cost  of 
conductor  soon  becomes  prohibitive,  recourse  must  be  had  to  raising  the 
voltage,  thus  transmitting  a  given  amoimt  of  power  with  a  lower  current. 
As  the  current  varies  inversely  with  the  voltage,  for  a  given  power,  it 
follows  that  the  loss  in  heating  the  transmission  line  varies  inversely  with 
the  square  of  the  voltage;  hence  the  very  high  voltages  used  in  long  Hnes. 

In  distributing  power  around  the  streets  of  a  suburban  community, 
2200  is  the  standard  voltage;  this  is  stepped  down  by  transformers  (gen- 
erally located  on  the  poles  in  the  street)  to  110  or  220  volts,  at  which 
voltage  the  power  is  delivered  to  the  customer.  Frequently,  the  2200-volt 
distribution  network  is  itself  supplied  from  a  large  transformer  which 
receives  power  from  a  transmission  line  of  much  higher  voltage.  In  large 
communities,  the  voltage  generated  in  the  power  stations,  and  sent  through 
the  streets  in  lead-covered  cables  in  subway  ducts,  is  either  6600  or  1 1 ,000 
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volts.  Lai^  amountfi  of  power  can  be  economically  sent  10  or  20  niiies 
at  such  voltages,  but  even  such  voltages  are  too  low  to  be  classed  as  trans- 
mission line  voltages. 

As  a  general  rule,  we  may  say  that  for  reasonably  lai^e  cmriounts  of 
power  isiiy  25,000  kw.  or  over)  the  voltage  used  increases  directly  with  the 
distance,  and  that  this  voltage  is  from  500  to  1000  volts  per  mile  of  trans- 
mission. Thus,  a  line  intended  to  transmit  25,000  kw.  a  distance  of  150 
miles  would  be  designed  for  100,000  to  150,000  volts. 

Although  a  saving  in  cost  of  conductor  might  be  effected  by  going  to 
oven  higher  voltages,  the  increasing  cost  of  insulators  and  transformers 
would  more  than  offset  this  advantage.  The  upper  limit  of  voltage,  for 
onomical  operation  over  a  given  distance,  mounts  somewhat  with  the 
amount  of  power  to  be  carried;  a  100,000-kw.  line  would  be  of  considerably 
higher  voltage  than  a  5000-kw.  line  of  the  same  length.  This  useful 
upper  limit  of  voltage  is  intimately  connectetl  with  the  electric  strength 
of  the  air,  which  is  to  be  discussed  in  section  361. 

354.  Material  for  Conductors. — The  only  two  materials  used  for  trans- 
mission-line conductors  are  aluminum  and  copper.  Although  copper  is 
a  much  better  conductor  than  aluminum,  for  the  same  cross-section, 
aluminum  is  so  much  lighter  that  for  equal  resistances  the  aluminum 
woighs  less  than  half  as  much  as  the  copper.  The  breaking  strength  of 
aluminum  is  however  much  less  than  that  of  copper  for  a  given  resistance ; 
therefore  the  factor  of  safety  of  aliuninum,  when  loaded  with  sleet  and 
•',  may  not  be  as  great  as  that  of  copper.  Assuming  the  copper  to  be 
ut*  98  per  cent  conductivity,  55,000  pounds  per  square  inch  tensile  strength, 
density  of  8.89,  and  a  price  of  P  dollars  per  pound,  and  the  aluminum  of 
I  per  cent  conductivity,  25,000  pounds  tensile  strength,  density  of  2.70, 
and  price  p,  the  relative  merits  of  the  two,  for  equal  resistances,  are 
shown  by  the  following  table: 

Copper  Aluminum 

Cost 1  0.488p/P 

Croes-section 1  1.63 

Diameter > 1  1.28 

Weight 1  0.488 

Breaking  strength 1  0. 731 

Sufficient  data  are  not  yet  available  to  make  it  possible  to  say  which 
material  is  the  more  reliable  under  severe  weather  conditions,  as  it  seems 
that  the  ice-collecting  tendency  of  aluminum  may  depend  u|K>n  the 
I'ligth  of  time  it  has  been  exposed  to  the  weather.  When  new,  it  seems 
loss  likely  than  copper  to  permit  the  accumulation  of  ice. 

On  one  typical  line  consisting  of  two  three-phase  circuits,  each  using 
tliree  No.  0000  cables,  aluminum  for  conductor  cost  only  $1450  per  mile 
of  line,  as  compared  with  $2050  for  copper.    These  prices  were  for  copper 
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at  $0,235  and  aluminum  at  $0.16  a  pound.  This  apparent  advantage  of 
aluminum  is  lessened  when  it  is  considered  that  the  poles  must  be  made 
higher,  or  put  closer  together  for  the  aluminum,  because  of  its  inferior 
strength  and  greater  expansion  under  temperature  changes.  In  an  actual 
line,  the  cost  of  the  conductor  is  only  about  25  per  cent  of  the  total  cost  of 
the  line. 

At  present,  copper  is  used  much  more  than  aluminum;  but  with  greater 
voltage  of  transmission,  and  the  consequent  increase  in  the  importance  of 
the  corona  limit  (see  section  361)  aluminum  may  come  into  greater  favor, 
because  with  the  greater  cross-section  which  its  use  necessitates  a  greater 
voltage  may  be  used  without  serious  corona  loss. 

355.  Transmission  Lines  Universally  Three-phase. — For  a  given 
amount  of  power,  a  given  maximum  voltage  between  any  two  wires  of  the 
line,  and  a  given  allowed  PR  loss  in  transmission,  the  three-phase  three- 
wire  system  uses  less  copper  than  any  other,  and  would  always  be  used 
even  if  the  machinery  connected  to  it  were  not  practically  always  three- 
phase. 

Comparing  a  single-phase  line  with  a  three-phase  line,  for  example,  we 
shall  suppose  that  a  certain  power,  P,  is  to  be  transmitted  at  unity  power 
factor  with  a  voltage  between  wires  not  to  exceed  E  volts.  Let  R\  be  the 
resistance  of  each  of  the  wires  of  the  single-phase  system,  and  Rz  be  the 
resistance  of  each  wire  of  the  three-phase  system.  Likewise,  let  Ii  and  /a 
be  the  single-phase  and  three-phase  line  currents.  The  allowable  loss  is  a 
certain  fraction  of  the  transmitted  power,  say  aP. 

Then 

P  =  EIi  =  VdEh    or    h  =  V3/3, 
and 

aP  =  2h'^Ri  =  Sl3^R3, 

or,  if  we  substitute  Vsh  for  7i, 

or 

Ri=lR:i. 

From  this  it  is  seen  that  the  cross-section  of  the  single-phase  wire  must 
be  twice  that  of  the  three-phase  wire;  hence  the  weight  of  one  single  wire 
of  the  single-phase  line  will  be  twice  that  of  one  wire  of  the  three-phase 
line.  As  there  are  three  wires  in  the  three-phase  line,  as  against  two 
wires  for  the  single-phase  line,  the  weight  of  copper  for  the  three-phase 
line  is  seen  to  be  only  75  per  cent  of  that  required  for  the  single-phase  line. 

If  we  assume  that  there  is  an  equal  strain  on  the  insulators  of  the  two 
lines,  and  that  each  line  is  grounded  at  its  neutral  point,  the  voltage  between 
the  wires  of  the  single-phase  line  could  be  higher  than  that  for  the  three- 
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i)hai<o  lino.     Working  out  the  problem  on  this  basis,  the  weight  of  copper 
(|uired  is  just  the  same  for  the  two;   in  fact,  it  is  the  same  no  matter 
\shat  tho  uuhiImt  of  phjis<^s  may  Ih\ 

366.  Weight  of  Copper  Pequired  for  a  Given  Transmission. — For  the 
transmission  of  a  loati  of  /'  kilowatts  at  power  factor  cos  <(>,  three-phase, 
the  voltage  and  current  requirp<l  are  fixed  by  the  relation,  P=y/zEl  co6<^. 
Let  us  suppose  a  certain  porcontage  of  the  transmitted  power,  aP,  to  be 
allowed  as  permissible  PR  loss  in  the  line.  How  will  the  required  copper 
iry  with  the  different  factors,  such  as  length,  voltage,  etc.? 

Let  R  =  resistance  per  wire ; 
ir  =  total  weight  of  wire; 
/  =  length  of  one  wire; 
A=a  constant  depending  upon  the  conductivity  of  the  copper; 

Evidently  W  =  -77,  as  we  know  that  for  a  given  resistance  the  weight 
li 

must  vary  as  the  j^quare  of  the  length,  and  for  a  given  length  the  cross- 

'tion  must  var>'  inversely  as  the  resistance. 

\lso  as 

P=y/lEI  Qoa4>; 

I =P/VSE  COS  if>. 
Now 

SFR==s(-y^ yR=aP, 

WSE  cos  <t>/ 

and  substituting  for  R  its  equivalent  -77  we  get 

n 


VSPk/      I 
a     \E  cos  0 


)-»•■ 


and  sul)stituting  the  proper  value  of  k  to  give  W  in  pounds  when  £^  is  in 
kilovolts,  I  is  in  miles,  and  P  is  in  kilowatts,  we  get 

--^{w^r <-) 

It  is  thus  seen  that  for  a  given  weight  of  copper,  to  transmit  a  given 

mount  of  power  with  the  same  efficiency  (same  I'-R  loss),  the  voltage  of 

the  line  must  rise  in  direct  proportion  to  the  distance  to  be  covered.     It 

is  also  seen  that  a  low  power  factor  demands  a  correspondingly  greater 

weight  of  copper;  a  loa<l  of  cos  <^  =  0.7  requires  twice  a.s  much  copper  as 

1  equal  load  Cm  kilowatts)  at  unity  power  factor. 

From  Eq.  (137)  it  is  possible  to  calculate  the  profier  size  of  wire  neces- 
iiy  for  given  conditions.     If  the  total  weight  of  copper,  the  length  of 
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TABLE  IV  t 

Copper  Cables,  Concentkic-la\ 

Cir.  Mils  and  A.  W.  G.  or  B.  &  S.  Gage;   English  Units 

100  Per  Cent  Conductivity;   Density  8.89  at  20°  C. 


Resist} 
25°  C.  o 

Ohms 
per 
1000 
Feet 

mce  at 

r77°F.* 

Ohms 
per 
Mile 

Weij 
Pounc 

Per 
1000 
Feet 

?ht  in 
s,  Bare 

Per 
Mile 

Standard  Strands 

Flexible  Strands 

Circular 
Mils 
and 

A.W.G. 

Num- 
ber 
of 
Wires 

Diam- 
eter of 
Wires 
in  Mils 

Out- 
side 

Diam- 
eter, 

in  Mils 

Num- 
ber 
of 

Wires 

Diam- 
eter of 
Wires 
in  Mils 

Out- 
side 

Diam- 
eter, 

in  Mils 

2,000,000 
1,900,000 
1,800,000 

0.00539 
0.00568 
0.00599 

0.0285 
0.0300 
0.0316 

6180 
5870 
5560 

32,600 
31,000 
29,300 

127 

127 
127 

125.5 
122.3 
119.1 

1631 
1590 
1548 

169 
169 
169 

108.8 
106.0 
103.2 

1632 
1590 
1548 

III 

0.00634 
0.00674 
0.00719 

0.0335 
0.0356 
0.0380 

5250 
4940 
4630 

27,700 
26,100 
24,500 

127 

127 

91 

115.7 
112.2 
128.4 

1504 
1459 
1412 

169 
169 
127 

100.3 

97.3 

108.7 

1504 
1460 
1413 

1,400,000 
1,800.000 
1,200,000 

0.00770 
U. 00330 
0.00899 

0.0407 
0.0438 
0.0475 

4320 
4010 
3710 

22,800 
21,200 
19,600 

91 
91 
91 

124.0 
119.5 
114.8 

1364 
1315 
1263 

127 
127 
127 

105.0 

101.2 

97.2 

1365 
1315 
1264 

1.100,000 

1,000,000 

950,000 

0.00981 

0.0108 

0.0114 

0.0518 
0.0570 
0.0600 

3400 
3090 
2930 

17,900 
16,300 
15,490 

91 
61 
61 

109.9 
128.0 
124.8 

1209 
1152 
1123 

127 
91 
91 

93.1 
104.8 
102.2 

1210 
1153 
1124 

900,000 
850,000 
800,000 

0.0120 
0.0127 
0.0135 

0.0633 
0.0670 
0.0712 

2780 
2620 
2470 

14,670 
13,860 
13,040 

61 
61 
61 

121.5 
118.0 
114.5 

1093 
1062 
1031 

91 
91 
91 

99.4 
96.6 
93.8 

1094 
1063 
103' 

750,000 
700.000 
650,000 

0.0144 
0.0154 
0.0166 

0.0759 
0.0814 
0.0876 

2320 
2160 
2010 

12,230 
11,410 
10,600 

61 
61 
61 

110.9 
107.1 
103.2 

998 
964 
929 

91 
91 
91 

90.8 
87.7 
84.5 

999 
965 
930 

600.000 
550,000 
500,000 

0.0180 
0.0196 
0.0216 

0.0949 
0.1036 
0.1139 

1850 
1700 
1540 

9,780 
8,970 
8,150 

61 
61 
37 

99.2 

95.0 

116.2 

893 
855 
814 

91 
91 
61 

81.2 
77.7 
90.5 

893 
855 
815 

450.000 
400,000 
350,000 

0.0240 
0.0270 
0.0308 

0.1266 
0.1424 
0.1627 

1390 
1240 
1080 

7,340 
6,520 
5,710 

37 
37 
37 

110.3 

104.0 

97.3 

772 
728 
681 

61 
61 
61 

85.9 
81.0 
75.7 

773 
729 
682 

300,000 
250,000 
0000 

0.0360 
0.0431 
0.0509 

0.1899 

0.228 

0.269 

926 

772 
653 

4,890 
4,080 
3,450 

37 
37 
19 

90.0 

82.2 
105.5 

630 
575 

528 

61 
61 
37 

70.1 
64.0 
75.6 

631 
576 
533 

000 

00 

0 

0.0642 
0.0811 
0.102 

0.339 
0.428 
0.540 

518 
411 
326 

2.735 
2,170 
1,720 

19 
19 
19 

94.0 
83.7 
74.5 

470 
418 
373 

37 
37 
37 

67.3 
60.0 
53.4 

471 
420 
374 

1 
2 
3 

0.129 
0.162 
0.205 

0.681 
0.858 
1.082 

258 
205 
163 

1,364 
1,082 

858 

19 

7 
7 

66.4 
97.4 
86.7 

332 
292 
260 

37 
19 
19 

47.6 
59.1 
52.6 

333 
296 
263 

4 
5 
6 

0.259 
0.326 
0.410 

1.365 
1.721 
2.170 

129 
102 
81.0 

680 
540 

428 

7 
7 
7 

77.2 
68.8 
61.2 

232 
206 
184 

19 
19 
19 

46.9 
41.7 
37.2 

234 
209 
186 

7 
8 

0.519 
0.654 

2.74 
3.45 

64.3 
51.0 

339 
269 

7 
7 

54.5 
48.6 

164 
146 

19 
19 

.  33.1 
29.5 

166 
147 

♦  T>et  C  — pfr  cent  conductivity,  ff«s  =  rpsistanc**  of  100  per  cent  conductivity  cable  at  25"  C.  (from 
tnl)l(0,  W,  =  rosixfancc  of  cable  of  conductivity  C  at  any  temperature  /"  C,  then 

ff,  =  //::,r-^  +  0.00.-?8.''.(^-  L'.-.,l . 

t'l'liis  and  tiic  followinji  tabic*  are  taken  from  Pender's  Handbook  for  Electrical  Ennineers. 
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line,  and  the  number  of  wires  are  known,  the  weight  per  mile  of  conductor 
in  pounds,  w,  can  be  at  once  calculated.  Then  if  r  is  the  resistance  of  the 
proixT  wiro,  in  ohms  per  mile  of  conductor,  we  have 

r  =  ^(£co6<^)2 (138) 

Of  course,  wires  and  cables  are  available  only  in  certain  definite  sizes; 

the  proper  wire  to  use  is  the  available  one  that  has  a  resistance  equal  to, 

r  slightly  less  than,  that  called  for  by  Exj.  (138).     The  constants  of 

copper   cables    available    for    use  in    transmission  lines  are   given   in 

Table  IV. 

357.  Regulation  of  a  Single-phase  Transmission  Line. — As  a  trans- 
mission line  evidently  has  resistance  and  inductance,  it  follows  that  if  the 
voltage  is  held  constant  at  the  beginning  of  the  line  (generator  end)  the 
voltage  at  the  load  end  will  varj'  in  some  manner  as  the  load  is  changed. 
In  general,  the  voltage  at  the  load  end  will  fall  as  the  current  carried  over 
the  line  is  increased;  of  course,  when  no  current  is  being  carried  there  is 
no  drop  in  the  line,  and  the  voltage  at  the  load  end  must  therefore  be  the 
same  as  that  at  the  generator  end.*  If  Eg  is  the  voltage  at  the  generator 
end  of  the  line  and  Ei  is  the  voltage  of  the  line  at  the  load  end,  the  regula- 
tion of  the  line  is  defined  by  the  equation 

Regulation  (in  per  cent)  =:^^^'X  100.       .     .     .     (139) 

If  A  is  the  total  resistance  of  a  single-phase  line  (resistance  of  both 
wires),  X  is  the  total  reactance  of  the  line,  and  /  is  the  load  current,  the 

regulation  may  be  calculated    4, — -^ IZ^^^E, 

by  the   help  of   the  voltage 

diagram  shown  in  Fig.  402. 

Here  a  non-inductive  load  is 

assumed  and  the  load  current 

is  therefore   shown  in  phase 

with  the  load  voltage  E,.    The    ^«;  402.-Showing  how  to  calculate  the  regula- 

r  n    ,  r  xi.     V       •       I  XA    1         tion  of  a  single-phase  traiumiasion  line  with  a 

IR  drop  of  the  hne  is  plotted        1    j   *     •«  *    . 

*^  *\  load  of  unity  power  factor. 

in  phase  with  /  and  the  IX 

drop  is  plotted  90**  ahead  of  /,  giving  the  IZ  drop  in  the  phase  shown. 
By  vectorially  combining  the  IZ  drop  with  the  load  voltage,  the  generator 
voltage  is  obtained  and  hence  the  regulation  of  the  line  may  be  calcu- 
lated by  substituting  the  proper  values  in  Eq.  (130). 

In  Fig.  403  the  conditions  are  shown  for  getting  the  generator  voltage 

•  See  Section  liM  for  exceptions  to  this  statement. 
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when  the  load  current  lags  behind  the  load  voltage  by  the  angle  <f>.     The 

IR  drop  is  again  shown 
in  phase  with  /  and  the 
IX  drop  90°  ahead  of  /, 
giving  the  IZ  drop  now 
almost  in  phase  with  the 
load  voltage.  The  gen- 
erator voltage  is  again 
obtained  by  adding  vec- 
torially  the  IZ  drop  and 
the  load  voltage,  and  it 
is  seen  that  the  regula- 


FiG.  403. — Showing  how  the   diagram   of   Fig.  402  is 
changed  if  the  load  is  inductive. 


tion  is  much  higher  (worse)   for  the  inductive  than  for  the  non-inductive 
load. 

By  inspection  of  Fig.  403,  it  is  seen  that  the  generated  voltage  may  be 
computed  from  the  relation 

Eg=^  V{Ei-\-IR  cos  (P+IX  sin  (f>f+(-IR  sin  (f>-\-IX  cos  <^)^.   .   (140) 

In  case  the  voltage  of  the  generator  end  of  the  line  is  given,  and  the 
voltage  at  the  load  end  is  to  be  found,  when  the  line  is  carrying  a  certain  load 
at  a  specified  power  factor,  the  problem  is  much  more  involved.  From 
Eq.  (140)  it  is  evident  that  Ei  can  be  obtained  in  terms  of  the  impressed 
voltage  Eg,  the  line  current,  and  the  line  and  load  constants,  but  that  the 
solution  will  involve  the  solution  of  a  rather  complex  equation.  If  the 
symbols  have  the  same  significance  as  for  Eq.  (137)  we  can  derive  the 
relation 


E^ 


in  which 


=  A^l±^ 


{R^-^X'^)P^X10^ 
A'^  cos-  <t>       ' 


=^'4\' 


(/gcos</)+Zsin</>)PXl03 
E^  cos  <t> 


(141) 


(142) 


The  combination  of  plus  and  minus  signs  in  Eq.  (141)  shows  that  there 
are  two  possible  solutions  to  the  problem,  both  solutions  satisfying  the  con- 
tlitions  specified.  Actually,  the  plus  sign  always  gives  the  real  solution 
called  for  in  practice,  the  other  solution  being  for  a  heavily  overloaded  line. 
In  case  the  R  and  X  of  the  load  circuit  are  given,  instead  of  the  load 
power,  the  solution  is  very  simple.  The  resistances  of  the  load  and  line 
are  added  arithmetically,  to  give  the  total  resistance  of  the  circuit;  in  the 
same  way  the  total  reactance  of  the  circuit  is  obtained  and  hence  the  total 
impedance  can  be  calculated.  The  current  is  then  calculable,  and  this, 
multiplied  1)y  the  impedance  of  the  load  circuit,  gives  the  voltage  of  the 
load. 


IU:r.lIL.\TION  OF  A  THREE-PHASE  TRANSMISSION   LINE       4()1 

368.  Regiilation  of  a  Three-phase  Transmission  Line.— The  rogula- 
t  ion  of  a  throo-phase  line  is  l)est  analyzed  by  thinking  of  the  three-phase 
line  as  made  up  of  three  single-phase  lines,  with  the  hypothetical  neutral 
of  the  three-phase  line  forming  the  conunon  return  path  for  the  three 
st'jmrate  single-phase  lines.  We  have  previously  shown  (section  83) 
f  hat  in  a  balance<i  three-phase  line  a  neutral  wire,  even  if  installed,  would 

:irr>'  no  current  and  that  therefore  there  would  be  no  drop  in  it.     Hence, 

ich  imaginary  single-phase  line  would  have  an  IZ  drop  in  one  side  only, 
I  his  one  side  being  one  of  the  wires  of  the  actual  three-phase  system. 
This  idea  is  indicate<l  in  Fig.  404;  each  of  the  three-phase  wires  has  a 
resistance  R  and  a  reactance  X.    The  imaginary  neutral,  which  has  been 

hown,  will  have  no  drop  if  the  three-phase  load  is  balanced,  as  we  are 
:ussuming  it  to  be.  We  may  now  consider  the  three-phase  circuit  as  three 
independent  single-phase  circuits.     One  of  these  single-phase  circuits  ha.«  a 

•nerator  0-A,  which  supplies  power  to  the  load  circuit  a-n,  over  the  single- 


A. 

Re«!atAnc«>«R         ReacUnM^X 

a 

1 
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\c                            6 

jT^         Load           »a. 

V 

/ 

1  i..    104. — To  calculate  the  regulation  of  a  three-phase  line,  the  circuit  is  considered  as 
t  hree  single-phase  circuits,  the  neutral  serving  as  a  conunon  wire  for  all  phages. 

phase  line  consisting  of  the  wire  A-n  and  the  wire  0~o.  In  the  latter  wire 
there  is  no  drop  to  consider.  If  Eg  is  the  voltage  of  0-A,  the  voltage  at  the 
load  o-a  will  evidently  be  equal  to  this  minus  (vectorially)  the  IZ  drop  in 
wire  A-a.  Owing  to  the  symmetry  of  the  connections,  the  magnitude  of  the 
voltage  across  o-a  will  be  the  same  as  that  across  o-b  and  o-c.  Further- 
more, as  the  voltages  0-A,  O-B,  and  0-C  are  120"  apart  in  phase,  the 
voltages  a-a,  o-b,  and  o-c  will  be  similarly  separate<l  in  pha.se.  Hence 
the  voltage  across  points  a-b  of  the  load  will  be  equal  to  the  voltage 

icroes  o-a  multiplied  by  V3,  the  same  ratio  as  has  been  previously 
proved  true  for  three-phase  Y-connecte<l  systems. 

In  solving  the  three-phase  line,  therefore,  we  always  treat  the  gen- 

rator  as  a  Y-connected  machine  and  the  load  as  a  Y-connected  load. 

i'he  resistance  of  one  wire  of  the  three-phase  line  is  calculated,  as  is  its 
reactance.  This  reactance  of  the  wire  is  calculated  to  neutral,  that  is,  as 
the  reactance  which  would  exist  between  the  wire  considered  and  a  neutral 
wiro  if  thf'fo  woro  one  present.     (Tables  of  reactanco  to  neutral  of  various 
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wires  are  given  on  pp.  403-^04.)  The  problem  is  then  solved  as  a  single- 
phase  line,  with  no  drop  in  the  hypothetical  neutral  return,  and  the  line 
voltages  are  then  obtained  by  multiplying  the  result  by  Vs. 

As  an  example  we  shall  calculate  the  regulation  of  a  three-phase  line 
having  a  Y-connected  load  oi  R=  1000  ohms  and  Z  =  400  ohms  per  phase. 
The  voltage  between  lines  at  the  load  is  100,000,  and  the  three-phase 
transmission  line  has  a  resistance  of  50  ohms  per  wire  and  an  inductive 
reactance,  to  neutral,  of  40  ohms  per  wire.  The  problem  is  indicated  in 
Fig.  405. 

The  voltage  impressed  on  each  phase  of  the  load  is  100,000  ^Vs  or 
57,800  volts.  The  impedance  of  each  phase  of  the  load  is  \/l0002+4002  = 
1077  ohms.     The  current  in  each  wire  of  the  transmission  line  is  therefore 


-VW— 'TJCOiJ^ 


Fig.  405. — A  typical  three-phase  circuit,  to  have  its  regulation  calculated. 


57,800/1077  =  53.6  amperes.  The  power  factor  of  the  load,  cos<^  = 
1000/1077  =  0.928.  By  calculation,  or  from  tables,  we  find  sin  0  =  0.37. 
The  IR  drop  per  wire  is  2680  volts,  and  the  IX  drop  per  wire  is  2145  volts. 
Then,  using  Eq.  (140)  we  find  the  voltage  across  one  phase  of  the  gen- 
erator 

^,=  V{57,8004-(2680x.928)+(2145x.37)2}+{(-2680x.37)+(2145.x928)12 

=  V61,0852+10002  =  61,100  volts. 

The  voltage  between  lines  at  the  generator  is  therefore  61, 100's/3  =  105,700 
volts.     The  regulation  of  the  line  is  therefore 

„       ,  ,.         105,700-100,000,,,^^     _- 

Regulation  = — X 100  =  5.7  per  cent. 

1UU,U0U 

In  case  the  power  to  be  transmitted  is  given,  the  voltsige  at  the  gen- 
erator is  given,  and  that  at  the  load  is  to  be  found,  the  problem  must  be 
solved  by  the  help  of  Eqs.  (141)  and  (142).  All  quantities  are  again  to  be 
calculated  "  to  neutral."     For  this  three-phase  problem  it  is  to  be  noted, 


UEGUL.\TlON  OF  A  THREE-PHASE  TRANSMISSION   LINE       403 


TABLE  V 

25-CTruc  Rkactanck  or  Suuo  NoN-UAaxmc  Wires  * 

(Nuns  per  mile  of  each  wire  of  a  stnglc-phaae  or  of  a  synunotrical  three-pbaac  line 


Siaeof 
Wire, 

Or.  Mik. 

or  A.W.G 


Diam. 

of  Wire, 

Inches 


1.000.000 
7"><).l)00 
500,000 

350,000 

250,000 

0000 

000 

00 

0 

1 
2 

4 

6 

8 

10 

12 
14 
16 


Inches  between  Wires,  Center  to  Center 


1  00000  (M770 
0M6600  06497 
0.70710  06523 


591610.07425 
50000.06274 
46000.06607 


0  '2893 
0.-2576 
0.20430 


40960.092831  0.1484 
36480.098691  0  1 642 
32490.1045     0  1601 


0  1032 
0  1105 
0.1208 

0.1-298 
0.1383 
0.1425 


0  1101      0  1661 

0.1163     0  1719 

1280     0.1835 


0.16200  1397 
0  1-2850. 1515 
0.10190.1632 


0.06061 
0.06406 
0.OB062iO 


iO.1749 
1866 
1964 


6 


0.1383 
0.1456 
0.1&58 

0.1648 
0.1733 
0.1775 

0.1835 
0.1893 
0.1951 

0  2011 
0.2069 
0.2187 


0.1953  0.2303 
0.2071  0.2421 
0.2187  0.2537 


0.2305 
0.2422 
0.2539 


0.2655 
0.2773 
0.2889 


9 


0.15881 
0.1661 
0.1763 

0.1854 
0.1939 
0.1981 

0.2039 
0.2097 
0.2157 

0.2215 
0.2273 
0.2391 

0.2509 
0.2625 
0.2743 

0.2861 
0.2977 
0.3095 


12 


0.1733 
0.1807 
0.1909 

0.1998 
0.2085 
0.2126 

0.2185 
0.2243 
0.2302 

0.2361 
0.2419* 
0.2637 

0.2653 
0.2771 
0.28891 

0.3005 
0.3123 
0  32391 


18 


24 


30 


0.19391  0  2085  0  2196 
0.2011  0.2157  0  2270 
0.21151  0.2259  0.2372 


0.2204 
0.2289 
0.2331 

0.2389 
0.2449 
0.2507 

0.2565 
0.2625 
0.2741 

0.2859 
0.2975 
0.3093 


0.2350 
0.2435 
0.2477 

0.2536 
0.2594 
0.2652 

0.2712 
0.2770 
0.2887 

0.3004 
0.3122 
0.3239 


0.2462 
0.2548 
0.2589 

0.2649 
0.2707 
0  2765 

0.2825 
0  2883 
0  3001 

0  3117 
0  32:« 
0  3353 


0.3211  0.3356  0  3469 
0.3327  0  3473  0  35S7 
0.34451  0.3591    0.370:3 


Siaeof 

Wire. 

Cir.  Mil-s, 

(H-  A.W.G 


Feet  between  Wires,  Center  to  Center 


6 


8 


10 


15 


20 


•25 


1.000,000 
750,000 
500,000 

350,000 

250,000 

0000 

000 

00 

0 

1 
2 
4 

6 

8 

10 

12 
14 
16 


0.2289 
0.2361 
0.2465 

0.2554 
0.2639 
0.2682 

0.2740 
0.2800 
0.2858 

0.2916 
0.2975 
0.3092 

0.3210 
0.3327 
0.3444 

0.3561 
0.3678 
0.3796 


0.2435 
0  2507 
0.2609 

0.2701 
0.2785 
0.2828 

0.2886 
0.2M4 
0.3002 

0.3062 
0  3120 
0.3238 

0.3354 
0.3472 
0.3590 

0.3706 
0.3824 
0.3942 


0.2548 
0.2620 
0.2723 

0.2814 
0.2898 
0.2941 

0.2999 
0.3057 
0.3115 

0  3175 
0.3233 
0.3351 

0  3467 
0.3585 
0.3703 

0.3819 
0.3937 
0  40551 


0.2639 
0.2712 
0.2815 

0.2905 
0.2990 
0.3032 

0.3090 
0.3150 
0.3208 

0.3266 
0.3326 
0.3442 

0.3560 
0.3678 
0.3794 

0.3912 
0  4090 
0.4146 


0.2785 
0.2858 
0.2960 

0.3051 
0.3136 
0.3178 

0.3236 
0.3294 
0.3354 

0.3412 
0.3470 
0.3588 

0.3706 
0.3822 
0.3940 

0.4056 
0.4174 
0.4292 


0.2898] 
0.2971 
0  3073 

0  3164 
0.3249 
0.3291 

0.3^49 
0.3407 
0.3466 

0.3525 
0.3583 
0.3701 

0.3818 
0.3935 
0.4053 

0.4169 
0  4287 
0  44051 


0.3103 
0.3175 
0.3279 

0.3368 
0.3453 
0.3495 

0.3554 
0.3613 
0.3671 

0.3730 
0.3789 
0.3906 

0.4023 
0.4141 
0.4257 

0.4375 
0  4493 
0.46091 


0.3249 
0  3321 
0.3423 

0.3514 
0  3599 
0.3642 

0  3700 
0.3758 
0.3818 

0.3876] 
0.3934 
0  40521 


0  3362 
0  34.34 
0  3536 

0.36*27 
0.3712 
0  3755 

0  3813 
0  3871 
0.3929 

0  3989 
0.4O47 
0.4165 


0.4169  0  4-281 
0  42861  0  4399 
0.4404   0  4517 


0  41 


0  4633 


0.4638J  0.4751 
0.47551  0 


4869 


*  The  KAcUnre*  giTen  in  thb  Uble  abo  mpptj.  with  a  pnctiaUly  ac^gible  error  (kboat  1  per  eeat) 
to  ordinary  ctrandcd  wires  of  the  msm  ereet  uetitn. 
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TABLE  VI 

60-Cycle  Reactance  of  Solid  Non-magnetic  Wires  * 

Ohms  per  mile  of  each  wire  of  a  single-phase  or  of  a  symmetrical  three-phase  line 


Size  of 
Wire, 

Cir.  Mils. 

or  A.W.G. 


Diam. 
of  Wire, 
Inches 


Inches  between  Wires,  Center  to  Center 


1 


6 


12 


18 


24 


1,000,000 
750,000 
500,000 

350,000 

250,000 

0000 

000 

00 

0 

1 

2 
4 

6 

8 

10 

12 
14 
16 


1.0000 
0.8660 
0.7071 

0.5916 
0.5000 
0.4600 

0.4096 
0.3648 
0.3249 

0.2893 
0.2576 
0.2043 

0.1620 
0.1285 
0.1019 

0.08081 
0.06408 
0.05082 


0.1145 
0.1319 
0.1565 

0.1782 
0.1986 
0.2087 

0.2228 
0.2368 
0.2509 

0.2650 
0.2791 
0.3072 

0.3353 
0.3635 
0.3917 

0.4196 
0.4479 
0.4762 


0.2478 
0.2652 
0.2898 

0.3115 
0.3319 
0.3420 

0.3561 
0.3701 
0.3842 

0.3985 
0.4124 
0.4403 

0.4686 
0.4969 
0.5248 

0.5531 
0.5813 
0.6092 


0.3319 
0.3493 
0.3739 

0.3955 
0.4158 
0.4260 

0.4403 
0.4543 
0.4682 

0.4826 
0.4965 
0.5248 

0.5527 
0.5810 
0.6089 

0.6371 
0.6654 
0.6933 


0.3811 
0.3985 
0.4230 

0.4449 
0.4652 
0.4754 

0.4893 
0.5033 
0.5176 

0.5316 
0.5455 
0.5738 

0.6021 
0.6300 
0.6582 

0.6865 
0.7144 
0.7427 


0.4158 
0.4336 
0.4581 

0.4795 
0.5003 
0.5101 

0.5244 
0.5384 
0.5523 

0.5666 
0.5806 
0.6089 

0.6368 
0.6650 
0.6933 

0.7212 
0.7495 
0.7774 


0.4652 
0.4826 
0.5074 

0.5289 
0.5493 
0.5595 

0.5734 
0.5877 
0.6017 

0.6156 
0.6300 
0.6579 

0.6861 
0.7140 
0.7423 

0.7706 
0.7985 

0.8268 


0.5003 
0.5176 
0.5421 

0.5640 
0.5844 
0.5945 

0.6085 
0.6224 
0.6364 

0.6507 
0.6647 
0.6929 

0.7208 
0.7491 
0.7774 

0.8053 
0.8335 
0.8618 


Size  of 
Wire, 

Cir.  Mils. 

or  A.W.G. 


Feet  between  Wires,  Center  to  Center 


6 


10 


15 


20 


1,000.000 
750,000 
500,000 

350,000 

250,000 

0000 

000 

00 

0 

1 
2 
4 

6 

8 

10 

12 
14 
16 


0.5493 
0.5666 
0.5915 

0.6130 
0.6334 
0.6435 

0.6575 
0.6718 
0.6858 

0.6997 
0.7140 
0.7419 

0.7702 
0.7985 
0.8264 

0.S547 
0.8826 
0.9108 


0.5844 
0.6017 
0.6262 

0.6481 
0.6684 
0.6786 

0.6925 
0.7065 
0.7204 

0.7348 
0.7487 
0.7770 

0.8049 
0.8332 
0.8614 

0.8893 
0.9176 
0.9459 


0.6115 
0.6288 
0.6533 

0.6752 
0.6956 
0.7057 

0.7196 
0.7336 
0.7476 

0.7619 
0.7759 
0.8041 

0.8320 
0.8603 
0.8886 

0.9165 
0.9448 
0.9730 


0.6334 
0.6507 
0.6756 

0.6971 
0.7174 
0.7276 

0.7416 
0.7559 
0.7698 

0.7838 
0.7981 
0.8260 

0.8543 
0.8826 
0.9105 

0.9387 
0.9670 
0.9949 


0.6684 
0.6858 
0.7103 

0.7321 
0.7525 
0.7627 

0.7766 
0.7906 
0.8049 

0.8188 
0.8328 
0.8611 

0.8893 
0.9172 
0.9455 

0.9734 

1.002 

1.030 


0.6956 
0.7129 
0.7374 

0.7593 
0.7796 
0.7898 

0.8030 
0.8177 
0.8317 

0.8460 
0,8599 

0.8882 

0.9161 
0.9444 
0.9727 

1.001 
1.029 
1,057 


0.7446 
0.7619 
0.7868 

0.8083 
0.8286 
0.8388 

0.8528 
0.8671 
0.8810 

0,8950 
0,9093 
0,9372 

0,9655 
0,9938 
1.022 

1.050 
1.07S 
1.106 


0.7796 
0.7970 
0.8215 

0.8433 
0.8637 
0.8739 

0.8878 
0.9018 
0.9161 

0,9301 
0.9440 
0.9723 

1.001 
1.028 
1.057 

1.085 
1.113 
1.141 


*  The  reactances  given  in  this  table  also  apply,  with  a  practically  negligible  error  (about  i  per  cent) 
to  ordinary  stranded  wires  of  the  same  cross-section. 
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in  using  Ekjs.  (141)  and  (142),  that  P  is  the  power  per  phase,  that  is,  one- 
third  of  the  specified  load,  and  K  is  the  voltage  to  neutral. 

369.  Inductive   Reactance   of   Transmission   Lines. — For     a     given 

Slicing  and  size  of  win's*,  there  are  fonmila*'  avaihihlc  which  pennit  the 

calculation  of  the  self-induction  (to  neutral)  for  any  length  of  line.    As 

'     -<'lf-induction  itself  is  never  used  in  calculations — 2ir/L,  the  inductive 

uuiee,  IxMng  usetl  in.stead — this  quantity  has  been  calculated  and 

tabulated  for  all  sizes  of  wires  and  spacings  that  may  be  used  in  practice. 

Tables  V  and  VI  give  the  inductive  reactances,  to  neutral,  for  a  single- 
pha.st%  or  a  8>'minetrically  arranged  three-phase  line.  The  symmetry 
assumed  for  the  three-phase  line,  in  making  these  calculations,  is  that  the 
tliree  wires  are  arranged  in  the  form  of  an  equilateral  triangle.  If  the 
wires  are  otherwise  disposed,  the  reactance  cannot  be  obtained  from  the 
tables;  for  unsymmetrical  arrangements  more  detailed  texts  on  trans- 
mission hnes  must  be  consulted. 

A.S  25  cycles  and  60  cycles  are  the  only  frequencies  extensively  used 
in  the  United  States,  the  reactances  have  been  given  for  these  two  fre- 
quencies only.  For  others  the  reactance  may  be  readily  obtained  by  direct 
projwrtion. 

360.  Graphical  Determination  of  the  Regulation. — Various  schemes 
have  licen  dcsigne<i  for  solving  the  regulation  of  alternating-current  lines 
without  going  through  the  arithmetical  work  involved.  One  of  these 
-(•hemes  makes  use  of  a  chart  originated  by  R.  D.  Mershon,  reproduced 
in  Fig.  406.  To  use  the  chart  we  first  calculate  the  per  cent  resistance 
drop  and  reactance  drop  in  the  Hne  (using  one  wire  only). 

I^'t     /  =  length  of  line,  in  miles  (length  of  one  wire) ; 

/  =  amperes  per  wire  demanded  by  the  load^ 

Ei= vo\ta  to  neutral,  at  the  load; 

r= resistance  of  each  wire  in  ohms  per  mile; 

X  =  reactance  (to  neutral)  of  each  wire,  in  ohms  per  mile. 

Then 

rll 
Per  cent  resistance  drop  =  -p-X  100, 

^< 

xll 
Per  cent  reactance  drop  = -vr  X  1(X). 

To  use  the  chart,  follow  the  circular  arc  marked  0,  from  the  bottom  of  the 
chart,  until  it  intersects  the  vertical  giving  the  power  factor  of  the  load. 
I'ronj  this  point  of  intersection  lay  off  to  the  right  the  per  cent  resistance 
drop,  and  from  the  point  so  obtained  lay  off  vertically  the  per  cent  react- 
ance drop.  F'rom  the  point  so  obtained  read  off,  from  the  circular  arc 
scale,  the  regulation  of  the  line. 


406 


THE  TRANSMISSION  OF  POWER 


[Chap.  XII 


As  an  illustration  of  the  use  of  this  chart,  we  shall  solve  again  the 
problem  given  in  section  358. 


0.6  0.7  0.8  0.9 

Load  Power  Factors 


0  10  :«)  ao 

Drop  In  Percent  of  E.M.F.  Delivered 


Fig.  4W).—A  convenient  chart  for  graphically  determining  the  regulation  of  transmission 

lines. 

Per  cent  resistance  drop=    rj  qc^   X100=4.64, 
Per  cent  rea.ctance  drop=    r?  ono   X100  =  3.71. 
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I  !nterinn  tlio  chart  at  the  bottom  of  the  arc  marked  0,  we  follow  it  until  it 
intersects  the  power-factor  line  0.928,  move  to  the  right  4.64  squares  and 
'hen  up  3,71  squares.     This  point  lies  on  the  circle  numbered  6;    hence 

iio  rpRulation  Ls  6  per  cent,  as  previously  obtained  by  calculation. 

361.  Corona. — The  principal  limitation  on  the  voltage  which  can  be 
offieiently  us<h1  on  transmission  lines  is  the  disruptive  strength  of  the  air. 
1  f  the  voltage  gradient  around  a  conductor  exceeds  alx)ut  76  kilovolts  per 
inch,  the  air  is  actually  broken  down  electrically  and  becomes  partially 
'  onducting.     This  breakdow^n  of  the  air  is  accompanied  by  a  bluish  haze 

round  the  wire,  together  with  a  hissing  sound  and  the  characteristic  odor 

f  ozone. 
The  electric  field  between  two  conductors  of  a  transmission  line  is  dis- 
tributed about  as  shown  in  Fig.  407,  being  most  intense  near  the   wire. 


Fig.  407.  Fig.  408. 

I  :       !n7      Showing  approximately  the  electric  field  distribution  between  the  wiree  of 

a  8ingle-pha«e  tranwniwgon  line. 

I  iG.  408. — The  presence  of  corona  around  a  wire  acts  to  increase  the  apparent  diameter 

of  the  wire,  in  so  far  as  the  electric  field  is  considered. 

As  the  voltage  on  such  a  pair  is  gradually  raised,  the  gradient  at  the  sur- 
face of  the  wire  reaches  the  critical  value  of  76  kilovolts  per  inch  and  the 
corona  starts.     This  makes  the  air  immediately  around  the  wire  a  con- 

•  iuctor,  and,  in  so  far  as  the  electric  field  is  concerned,  has  the  effect  of 
increasing  the  diameter  of  the  wire,  as  suggested  in  Fig.  408.  But,  with  a 
given  voltage  between  wires,  the  gradient  at  the  surface  of  the  wires 
(lf'crea.sos  as  the  size  of  the  wires  increases,  for  the  wire  separations  ordi- 
narily used  in  transmission  lines.     Hence,  the  corona  spreads  for  a  definite 

•  li.stance  into  the  air  and  then  stops,  as  indicated  by  the  dotted  circle  of 
I  "ig.  408.  All  the  space  inside  the  dotted  circle  of  this  figure  acts,  to  some 
<  xtent,  like  a  conductor  and  is  filled  with  the  blue  haze.  As  the  voltage 
iinpressetl  on  the  pair  of  wires  Ls  still  further  increa.se<l,  the  corona  zone 
around  the  wires  spreads  out  farther  and  farther  from  the  wire,  imtil 
finally  a  spark  jumps  from  one  wire  to  the  other,  an  arc  follows,  and  the 
line  becomes  short-circuited. 
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It  would  naturally  be  thought  that,  with  a  given  spacing  between 
centers  of  wires,  the  air  would  be  more  likely  to  break  down  if  the  wires 
were  made  larger  and  the  distance  between  their  closest  surfaces  thus 
decreased.  Such  is  not  the  fact,  however;  if  the  wires  of  an  ordinary 
transmission  line  were  replaced  by  very  small  ones,  thus  increasing  the 
distance  between  the  surfaces  of  the  wires,  the  air  would  be  broken  down 

all  around  the  wires, 
showing  that  the  gradi- 
ent in  the  air  had  been 
increased  by  thus  increas- 
ing the  distance  between 
the  nearest  surfaces  of  the 
wires.  Increasing  the  dis- 
tance does  decrease  the 
average  gradient;  but  de- 
creasing the  size  of  the 
wire  (thus  increasing  its 
curvature)  tends  to  in- 
crease the  gradient  at  the 
surface  of  the  wire,  and 
this  effect  is  more  than 
enough  to  overcome  the 
decrease  in  the  average 
gradient  due  to  increased 
distance. 

In  Fig.  409  is   shown 

a     photograph     of     one 

wire    of    a    transmission 

line  on  which  high  voltage  has  been  impressed;  the  brush-like  discharge 

of  the  corona  is  plainly  visible. 

The  general  laws  governing  corona  formation  have  been  experimen- 
tally determined  as  follows : 

For  a  given  density  of  air,  and  a  given  spacing  between  wires,  the 
voltage  at  which  corona  starts  is  lowered  by  using  wires  of  smaller  diam- 
eter. 

The  critical  voltage  at  which  corona  starts  can  be  increased  somewhat 
by  increasing  the  spacing  of  a  given  pair  of  wires,  but  this  increase  is  not 
as  effective  in  preventing  corona  as  an  increase  in  the  diameter  of  the 
wires. 

Decreasing  barometric  pressure  and  increasing  the  temperature  of  the 
air  around  the  conductor  both  decrease  somewhat  the  critical  voltage  at 
which  corona  starts. 

The  corona  starts  much  more  readily  on  dirty  wires  than  on  clean  ones, 


Fig.  409. — Photograph  showing  the  corona  surround- 
ing one  wire  of  a  transmission  line  operated  at  too 
high  a  voltage. 
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U^cause  the  bits  of  dirt  on  the  surface  give  local  concentrations  of  the 
•  h'ctric  field,  acting  like  metallic  points. 

The  fonnation  of  corona  around  the  wires  of  a  transmission  line  repre- 
nts  a  power  loss,  which  may  Ix*  very  considerable  if  the  critical  voltage 
-  much  exceeded.    The  corona  power  loss,  in  a  three-phase  line,  in  kilo- 
watts per  mile  of  single  conductor,  in  fair  weather,  is  given  by  the  formula 


'-eoyyfj 


P=rSO(f+25)(e-eo)^yj~XlO-^ (143) 

In  this  fonuula/=  frequency,  in  cycles  per  second; 
c»*  effective  kilo  volts  l)etween  wires; 
eo  =  disruptive   critical   voltage,    in   kilovolts,    for   the 

wires  and  spacing  used  (obtained  from  tables) ; 
r= radius  of  the  conductor; 

«  =  distance  between  conductor  centers,  in  same  unit 
as  r. 

The  above  fornmla  is  for  average  temperature  and  pressure  (77**  F. 
iiui  29.9  inches);  a  slight  correction  is  necessary  for  other  conditions. 

The  critical  disruptive  voltage  for  wires  of  various  sizes  and  spacing  is 
i:iven  in  Table  VII;  this  table  is  for  seven-strand  cable,  and  gives  the 
critical  voltage  between  wires  as  require*!  for  Eq.  (143). 

As  an  example,  it  is  desired  to  know  the  corona  loss  under  average 
weather  conditions  of  a  three-phase  60-cycle  line  150  miles  long,  wires 
NO.  0000,  spaced  10  feet,  the  line  voltage  l)eing  150,000  volts. 

The  critical  pressure  eo,  for  this  line,  is  found  in  Table  VII  to  be  130 
kilovolts,  hence  by  Eq.  (143)  the  loss  is 


P=  130(60-|-25)(150- 130)2.^—^X10-5 
=  2 .  08  kw.  per  wire  per  mile. 


As  there  are  450  miles  of  wire,  the  total  loss  would  be  938  kw.,  a  prohibi- 
t  i  vc  figure.  A  pressure  of  150  kv.  is  much  too  high  for  a  line  of  No,  0000 
w  ires  spaced  10  feet. 

I'luler  stormy  conditions  the  disruptive  voltage  may  drop  as  low  as 
80  per  cent  of  the  fair-weather  figure,  given  in  Table  VII,  so  that  the 
highest  advisable  voltage  for  the  line  in  question  would  not  be  greater 
than  1 10  kv. 

362.  Effect  of  Line  Capacity. — A  long  transmission  line  evidently 
possesses  con.siderable  electrostatic  capacity;  the  different  wires  of  the 
line  act  like  the  plates  of  a  condenser,  the  dielectric  of  the  condenser 
l>oing  the  air  between  the  wires.  This  capacity  may  require  a  lai^^e 
charging  current  if  the  line  is  long  and  the  voltage  is  high. 

The  charging  current  is  required  whether  the  load  is  connected  or  not ; 
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TABLE  VII 

Corona  Limit  of  Voltage-7-Strand  Cables 

Kilovolts  between  lines,  three-phase,  sea  level,  25°  C. 


Diameter 
Inches 

Diameter 
Cm. 

Spacings  in  Feet 

Size 
A.W.G. 

3       4 

5       6 

8 

10 

12 

14 

16 

20 

or 
Cir.  Mils 

Spacings  in  Centimeters 

610 

91 

122 

152 

183 

245 

305 

366 

426 

490 

4 
3 

2 

0.230 
0.261 

0.290 
0.330 
0.374 

0.420 
0.470 
0.530 

0.590 
0.620 
0.679 

0.728 
0.770 
0.818 

1.034 
1.152 

0.584 
0.663 

0.736 
0.839 
0.950 

1.07 
1.19 
1.35 

1.50 
1.57 
1.73 

1.85 
1.96 
2.04 

2.62 
2.92 

56 
62 

58 
65 

71 
79 

60 
67 

73 

81 
90 

98 

62 
70 

76 
85 
95 

104 
114 
125 

138 

64 

72 

79 

88 
98 

108 
118 
130 

144 
151 
161 

171 

178 
188 

66 

74 

81 

91 

102 

111 
121 
135 

149 
156 
166 

176 
184 
194 

234 
256 

68 
76 

83 
93 

69 

77 

85 
95 

71 

80 

87 

1 

97 

0 

1041  108 
114    117 

109 

00 

121 

000 

124 

138 

152 
161 
170 

180 
190 
199 

241 
264 

127 
141 

156 
165 
175 

185 
194 
205 

244 

132 

0000 

146 

250,000 
300,000 
350,000 

400,000 
450,000 
500,000 

800,000 
1,000,000 

161 

171 

180 

192 

'?(¥) 

?]0 

';5fi 

270    281 

as  long  as  the  line  is  alive  it  must  be  supplied  with  the  charging  current  that 
its  capacity  requires,  at  the  voltage  and  frequency  used.  If  much  load  is 
being  carried,  the  presence  of  the  charging  current  is  not  noticeable  as  the 
actual  current  is  the  vector  sum  of  the  load  current  and  the  charging 
current;  with  the  ordinary  inductive  load,  the  charging  current  required 
from  the  power  house  may  be  very  small,  the  lagging  current  of  the  load 
being  just  sufficient  to  neutralize  it.  When  there  is  no  load  connected  to 
the  transmission  line,  however,  the  charging  current  is  very  evident ;  it  is 
a  maximum  at  the  generator  end  of  the  line  and  decreases  gradually  to 
zero  at  the  load  end. 

The  charging  current  of  a  condenser  is  given  by  the  equation  /  =  2irfCE. 
The  quantity  2irfC  is  called  the  susceptance  of  the  condenser  (the  resist- 
ance of  the  condenser  being  negligible) ;  it  is  the  quantity  b}^  which  the 
voltage  must  be  multiplied  to  obtain  the  charging  current.  The  suscept- 
ance of  transmission  lines  has  been  calculated,  for  wires  of  various  sizes 
and  spacings  used  in  practice,  for  both  25  and  60  cycles ;  it  is  given  in  Tables 
VIII  and  IX. 
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TABLE  VIII 
25-Ctcije  Capacitt  Scscbptance  to  Nectral  •  Standard  Strands 
CharginK  current  in  amperes  per  mile  <-  (susoeptance  from  table)  X  (volta  to  neutral) 

xio-«. 

Approximate  micromhofl  per  mile  of  each  conductor  of  a  singlc-phaae  or  of  a  sym- 
metrical thrce-phaae  line. 


Siaeirf 

Cable, 

Diam- 
eter «»f 
StfHiid, 
Inches 

Inches  between  Conductors,  Center  to  Center 

C.M.or 
A.W.G. 

1 

3 

6 

9 

12 

18 

24 

30 

l.«K»0,000 

:.'.ii,(x«) 
:.4R»,()uo 

1.152 
0.998 
0.814 

21.0 

8.70 
7.94 
7.10 

6.01 
5.67 
5.23 

5.10 
4.85 
4.54 

4.62 
4.41 
4.14 

4.08 
3.91 
3.71 

3.77 
3.63 
3.44 

3  55 
3.42 
3.27 

350.000 

-'50,000 

0000 

0.681 
0  575 
0.528 

15.0 
12.2 
11.2 

6.48 
6.01 
5.79 

4.90 
4.63 
4.49 

4.29 

4.08 
3.97 

3.94 
3.77 
3.67 

3.53 
3.39 
3.33 

3.30 
3.17 
3.11 

3.14 
3.02 
2  97 

000 

00 

0 

0  470 
0.418 
0.373 

10.1 
9-26 
8.54 

5.53 

5.28 
5.06 

4.33 
4.18 
4.05 

3.85 
3.74 
3.63 

3.57 
3.47 
3.36 

3.24 
3.16 
3.08 

3.03 
2.97 
2.89 

2.89 
2.83 
2.76 

1 
2 
4 

0.332 
0.292 
0.232 

7.W 

7.38 
6.55 

4.85 
4.65 
4.32 

3.91 
3.79 
3.57 

3.52 
3.41 
3.22 

3.28 
3.19 
3.03 

3.00 
2.92 
2.78 

2.83 
2.75 
2.64 

2.70 
2.64 
2.53 

6 

0.184 

5  90 

4.02 

3.36 

3.06 

2.89 

2.65 

2.53 

2.42 

Siieof 

Cable. 

Feet  between  Conductors, 

Center  to  Center 

C.M.or 
A.W.G. 

3 

4 

5 

6 

8 

10 

15 

•20 

25 

1  000.000 
750.000 
.500,000 

3.39 
3.28 
3.14 

3.17 
3.08 
2.95 

3.03 
2.94 
2.81 

2.90 
2.83 
2.72 

2.75 
2.67 
2.57 

2.64 
2.56 
2.47 

2.45 
2.39 
2.31 

2.32 

2.28 
2.20 

2.25 
2. -20 
2.12 

350,000 

250,000 

0000 

3.02 
2.90 
2.86 

2.84 
2.75 
2.70 

2.72 
2.64 
2.59 

2.62 
2.54 
2.51 

2.50 
2.42 
2.39 

2.40 
2.32 
2.29 

2.25 
2.18 
2.15 

2.14 
2.09 
2.06 

2.07 
2.03 
1.99 

000 

00 

0 

2.79 
2.73 
2.67 

2.64 
2.59 
2.53 

2.53 
2.48 
2.43 

2  45 
2.40 
2.36 

2.34 
2.29 
2.25 

2.25 
2.22 
2.17 

2.12 
2.07 
2.04 

2.03 
1.99 
1.96 

1.96 
1.93 
1.90 

1 
2 
4 

2  61 
2  54 
2  45 

2.48 
2.42 
2.32 

2.39 
2.34 
2.25 

2.31 
2.26 
2.18 

2.22 
2.17 
2  09 

2.14 
2.09 
2.03 

2.01 
1.98 
1.92 

1.93 
1.90 
1.84 

1.87 
1.84 
1.79 

6 

2.36 

2.25 

2.17 

2.10 

2.03 

1.96 

1.85 

1  79 

1.74 

*  The  8uac«ptutr«  b«lw«en  eonducton  equals  one-half  the  raiuea  ^rtn  in  thia  table. 
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TABLE  IX 

60-Cycle  Capacity  Susceptance  to  Neutral  *  Standard  Strands 
Charging  current  in  amperes  per  mile  =  (susceptance  from  table)  X  (volts  to  neutral) 

xio-". 

Approximate  micromhos  per  mile  of  each  conductor  of  a  single-phase  or  of  a  sym- 
metrical three-phase  line. 


Size  of 
Cable, 

Diam- 
eter of 
Strand, 
Inches 

Inches  between  Cables,  Center  to  Center 

CM.  or 
A.W.G. 

1 

3 

6 

9 

12 

18 

24 

30 

1,000,000 
750.000 
500,000 

1.152 
0.998 
0.814 

'5d.'5 

20.9 
19.1 
17.0 

14.4 
13.6 
12.6 

12.3 
11.6 
10.9 

11.1 
10.6 
9.95 

9.80 
9.39 
8.90 

9.05 
8.71 
8.26 

8.52 
8.22 
7.84 

350.000 

250,000 

0000 

0.681 
0.575 
0.528 

36.0 
29.3 
26.9 

15.6 
14.4 
13.9 

11.8 
11.1 
10.8 

10.3 

9.80 
9.54 

9.46 
9.05 

8.82 

8.48 
8.14 
7.99 

7.92 
7.62 
7.46 

7.54 
7.24 
7.13 

000 

00 

0 

0.470 
0.418 
0.373 

24.3 
22.2 
20.5 

13.3 
12.7 
12.1 

10.4 
10.0 
9.73 

9.24 
8.97 
8.71 

8.56 
8.33 
8.07 

7.77 
7.58 
7.39 

7.28 
7.13 
6.94 

6.94 
6.79 
6.63 

1 
2 
4 

0.332 
0.292 
0.232 

19.1 
17.7 
15.7 

11.6 
11.2 
10.4 

9.39 
9.09 
8.56 

8.44 
8.81 
7.73 

7.88 
7.65 
7.28 

7.20 
7.01 
6.67 

6.79 
6.60 
6.33 

6.48 
6.33 
6.07 

6 

0.184 

14.2 

9.65 

8.07 

7.35 

6.94 

6.37 

6.07 

5.81 

Size  of 
Cable, 

Feetb 

etween  C 

'ables,  C 

enter  to 

Center 

CM.  or 
A.W.G. 

3 

4 

5 

6 

8 

10 

15 

20 

25 

1,000,000 
750,000 
500,000 

8.14 
7.88 
7.54 

7.62 
7.39 
7.09 

7.28 
7.05 
6.75 

6.97 
6.79 
6.52 

6.60 
6.41 
6.18 

6.33 
6.15 
5.92 

5.88 
5.73 
5.54 

5.58 
5.47 
5.28 

5.39 

5.28 
5.09 

350,000 

250,000 

0000 

7.24 
6.97 
6.86 

6.82 
6.60 
6.48 

6.52 
6.33 
6.22 

6.30 
6.11 
6.03 

5.99 
5.81 
5.73 

5.77 
5.58 
5.50 

5.39 
5.24 
5.16 

5.13 
5.01 
4.94 

4.98 
4.86 
4.79 

000 

00 

0 

6.71 
6.56 
6.40 

6.33 
6.22 
6.07 

6.07 
5.96 
5.84 

5.88 
5.77 
5.66 

5.62 
5.50 
5.39 

5.39 
5.32 
5.20 

5.09 
4.98 
4.90 

4.86 
4.79 
4.71 

4.71 
4.64 
4.56 

1 
2 
4 

6.26 
6.11 
5.88 

5.96 
5.81 
5.58 

5.73 
5.62 
5.39 

5.54 
5.43 
5.24 

5.32 
5.20 
5.01 

5.13 
5.01 
4.86 

4.83 
4.75 
4.60 

4.64 
4.56 
4.41 

4.49 
4.41 
4.30 

6 

5.66 

5.39 

5.20 

5.05 

4.86 

4.71 

4.45 

4.30 

4.18 

*  The  susceptance  between  conductors  equals  one-half  the  values  given  in  this  table. 
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The  susccptancc  is  given  in  these  tables  to  the  neulral;  in  caae  the  line 

three-phase,  the  siisceptancc  obtained  from  the  tables  is  to  be  multiplied 

I  'V  the  voltage  to  neutral  of  the  lino,  that  is,  by  the  line  voltage  divided  by 

Let  us  calculate  the  charging  current  of  the  line  for  which  the  corona 
loss  was  calculated,  150  miles  long,  60  cycles,  No.  0000  wires,  10  feet 
spacing,  150,000  volts  between  wires.  The  voltage  to  neutral  Ls  150,000-4- 
\  3  =  86,600  volts.  In  Table  IX  the  susceptance,  to  neutral,  of  No.  0000 
cable  spaced  10  feet,  is  5.50  micromhoe  per  mile.  The  charging  current 
per  mile  is  therefore  /= 5.50  X10-«X 86,600  =  0.476  ampere. 

As  the  line  is  150  miles  long,  the  chaining  current  entering  each  wire  at 

the  generator  end  is  150X0.476  =  71.4  amperes.     It  would  require  a  very 

large  generator,  therefore,  just  to  keep  such  a  transmission  line  alive. 

\  current  of  7 1 .4  amperes  at  150,000  volts  in  a  three-phase  system  requires 

u  machine  with  a  kilovolt-ampere  rating  of 

V3X  150,000X71 .4^  1000=  18,500  kv^ 

In  case  the  line  was  run  at  25  cycles  instead  of  60  cycles,  the  chaining 
current  would  be  cut  down  proportionately,  and  the  rating  of  the  machine 
jiLst  lai^e  enough  to  keep  the  line  alive  would  be  7720  kv.a. 

It  is  to  be  noticed  that  although  a  very  large  alternator  would  l^e 
required  to  keep  the  line  alive,  the  steam  turbine  driving  the  generator 
would  have  to  do  practically  no  work,  because  the  only  loss  this  large  kv.a. 
input  represents  is  the  PR  loss  in  the  line  itself.  This  will  generally  be 
only  about  1  per  cent  of  the  kv.a.  supphed  to  the  unloaded  line. 

363.  Most  Suitable  Frequency  for  Transmission  Lines. — In  section 
358,  dealing  with  the  regulation  of  transmi.ssion  lines,  it  was  shown  that 
the  reactance  of  the  line  is  very  important  in  determining  the  regulation  of 
the  line,  especially  when  the  load  is  inductive,  which  is  generally  the  case. 
Also  it  was  shown  that  the  reactance  was  much  greater  at  60  cycles  than 
at  25  cycles,  in  fact  60  25  as  much,  so  that  from  the  standpoint  of  regulation 
25  cycles  is  much  more  suitable  than  60  cycles. 

It  now  appears  that  from  the  standpoint  of  charging  current,  and 
amount  of  machinery  required  to  keep  the  line  alive,  25  cycles  is  also  much 
preferable  to  60  cycles.  On  account  of  these  two  factors,  regulation  and 
charging  current,  practically  all  long  transmission  lines  have  been  installed 
for  25-cycle  operation.  In  case  an  incandescent-lamp  load  is  to  be  sup- 
plied from  the  line,  frequency  changers  should  be  installed,  because 
25-cj'cle  current  is  not  suitable  for  use  with  low-power  tungsten  Ifunpe. 
<  >n  25-cycle  current  a  very  noticeable  and  irritating  flickering  occurs  in  all 
lumps  with  thin  filaments,  that  is,  with  all  UO-volt  lamps  of  low  candle- 
power. 
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It  might  be  thought  that  frequencies  even  lower  than  25  cycles  would 
be  preferable  for  transmission-line  operation;  but  if  the  frequency  is 
lowered  too  much,  objections  arise  with  regard  to  the  cost  and  weight  of 
machinery.  If  the  frequency  is  lowered  to  less  than  25  cycles,  it  will  be 
found  that  the  cost  of  apparatus,  per  kv.a.,  will  be  in  general  considerably 
higher  than  it  would  be  at  25  cycles  and  higher.  The  25-cycle  frequency, 
therefore,  seems  to  be  a  reasonable  compromise  between  the  demands  of 
the  transmission  line  and  the  economical  design  of  machinery. 

364.  Rise  of  Voltage  in  a  Transmission  Line. — A  transmission  line  has 
inductance,  resistance,  and  capacitance,  these  being  uniformly  distributed 
throughout  its  length  about  as  suggested  in  Fig.  410.     It  would  seem  that  in 

such    a    circuit    resonance    phe- 
nomena would  be  likely  to  occur 
at  certain  impressed  frequencies, 
and    such  is    actually  the  fact. 
Fig.  410. — A  transmission  line  can  be  reason-  Even    when    the  total   line    ca- 
ably  well  represented,  electrically,  by  a  large  pacity,  combined  with  the  total 
number  of  sections  of  resistance,  inductance   ^-^^   inductance,    is   much    lowor 
and  capacitance,  as  shown  here.  ,,         ,,     ,  .      ,  ^ 

than  that  required  for  resonance 

with  the  impressed  frequency,  a  kind  of  resonance  occurs  when  the  line 
is  disconnected  from  its  load.  The  voltage  between  wires  actually  in- 
creases with  increasing  distance  from  the  generator  end,  being  a  maxi- 
mum at  the  open-circuited  load  end.  The 
exact  amount  of  this  rise  in  voltage  can  be 
calculated  by  the  use  of  hyperbolic  functions, 
and  the  conditions  for  maximum  rise  of 
voltage,  etc.,  can  be  accurately  predicted. 

In  a  certain  line  160  miles  long,  with  an 
impressed  voltage  of  60,000  volts  at  the  gen- 
erator end,  the  voltage  at  the  load  end  is 
66,000  volts,  10  per  cent  higher  than  the  gen- 
erator voltage.  This  resonant  rise  in  voltage 
occurs  only  with  an  open-circuited  line;  as  soon 
as  load  is  connected,  even  though  only  a  small 
fraction  of  the  rated  capacity  of  the  line,  the 
voltage  at  the  load  end  drops,  becoming  less 
than  the  generator  end  voltage,  as  we  should 
expect. 

365.  Ground  Wires. — Although  there  is  at 
present  some  question  as  to  the  efficacy  of  the 
scheme,  it  seems  to  ])e  good  practice  to  install  a 
ground  win*  above  a  transmission  line,  the  idea  being  that  it  offers  some 
protection  against  lightning  disturbances.     The  wire  is  placed  on  the 
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Fio.  411. — A  typical  arrange- 
ment of  two  three-pha.se  lines 
with  ground  wire  above. 
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lH>lc8  88  shown  in  Fig.  4U,  where  two  Kyminetrical  three-phase  lines  are 

-hown  on  the  cross  arms,  and  the  grQund  wire,  solidly  connected  to  the 

-tool  towrr,  is  carried  alx)ve  both  transmission  lines.     The  presumption 

-  that  a  liglitning  disturlmnce,  which  might  otherwise  hit  the  transmis- 

Mon  line  and  put  it  out  of  operation  by  cracking  insulators,  breaking  down 

the  insulation  of  transfomiers,  etc.,  will  Ik?  carried  to  earth  by  the  ground 

wire  without  creating  any  disturbance  in  the  line  itself.     In  some  three- 

pha.s*'  systems  the  ground  wire  serves  as  the  neutral,  carrying  whatever 

iinitalanced  current  may  lx>  demanded  by  the  load.     In  such  a  system  no 

win'  can  differ  from  grounti  potential  by  more  than  1  /  Vs  of  the  line  voltage, 

thus  definitely  limiting  the  possible  strain  on  the  insulators.     A  ground 

Mil  any  one  wire  of  such  a  sj'stem,  however,  results  in  a  short-circuit,  with 

onsequent  interruption  of  the  service;    whereas  with  an  ungrountle<l 

-ystem  a  dead  ground  on  one  wire  does  not  result  in  any  excessive  current 

it  all,  but  it  will  put  a  strain,  equal  to  full-lino  voltage,  on  the  insulators  of 

he  other  two  lines.     If  any  of  these  in.siilators  happen  to  be  slightly  defec- 

I  ve,  this  extra  high  voltage  is  very  likely  to  break  them  down,  even  though 

lioy  are  sufficicMitly  .strong  to  stand  their  nonnal  operating  voltage. 

366.  Lightning   Arresters. — An   ideal   lightning  arrester  is   a  device 
which  instantaneously  carries  off  to  earth  any  induced  charges  which  raise 
he  voltage  of  the  line  appreciably  alxjve  its  normal  operating  value,  and 
a  once  restores  the  normal  insulation  between  the  line  and  ground  when 
the  temporar\'  high-voltage  condition  has  been  relievetl.     When  a  light- 
ning discharge  takes  place  in  the  vicinity  of  a  transmi.ssion  line,  induced 
voltages  are  set  up  in  the  line,  and  these  voltages,  comljineil  with  the  nonnal 
operating  voltage,  may  result  in  a  voltage  high  enough  to  crack  insulators 
Moreover,  these  induced  voltages  are  likely  to  be  of  high  frequency,  or  to 
-tart  high-frequency  suites  in  the  line,  and  these  high-frequency  surges 
raveling  along  the  line  are  almost  sure  to  do  damage  to  apparatus  con- 
nected to  the  line.     A  high-frequency  traveling  wave  of  this  sort,  entering 
;i  power  house  over  the  transmission-line  wires,  may  be  stoppetl,  for 
xample,  by  the  high  impedance  of  a  transformer  winding.     But  the  stop- 
ping of  such  a  traveling  wave  results  in  the  setting  up  of  even  higher 
Noltages  in  the  sj'stem  where  it  is  stopped;   this  nearly  always  results  in 
breaking  down  the  insulation  of  the  first  few  turns  of  the  high-voltage  wind- 
ing of  the  tran.sfonner. 

A  suitably  installed,  reliable  arrester  will  prevent  this  damage,  by 
virtue  of  two  actions:  it  or  its  auxiliaries  offer  a  high  impedance  in  the 
road  to  the  power  house  and  offer  a  comparatively  low  impe<lance  path 
to  ground.  How  such  an  action  is  set  up  may  Ix*  seen  by  reference  to 
I'ig.  412.  A  pulse,  traveling  along  the  transmission  line  towards  the  power 
liouse,  along  either  wire,  or  lK)th  wires,  is  bl<H'ke<l  from  the  |x)wer  hoiLse  by 
the  reactance  of  the  choke  coils,  and  the  resultant  building  up  of  the 
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potential  at  this  point  makes  the  current  jump  the  gap  and  so  escape  to 
earth.  The  choke  coils  consist  of  a  .few  turns  of  heavj''  conductor,  which 
have  so  little  reactance  at  line  frequency  as  to  be  negligible  in  their  effect 
on  the  normal  operation  of  the  line.  The  lightning  pulse,  however,  being 
of  high  frequency,  or  being  a  wave  with  a  ''  steep  wave  front,"  finds  them 
to  be  of  such  reactance  as  to  be  impassable. 

Such  a  simple  installation  of  apparatus  would  make  a  very  poor  pro- 
tection against  lightning  trouble,  however,  for  every  time  the  gap  broke 
down  the  arcing  gap  would  permit  a  large  current  from  the  power  house  to 
flow  across  the  gap  and  so  result  in  a  short-circuited  transmission  line. 
The  gap  must  therefore  be  specially  constructed  so  that  it  will  tend  to 
prevent  such  a  short-circuit.  Such  a  form  as  the  horn  gap  (Fig.  413)  will 
accomplish  this  result.  One  side  of  the  gap  is  connected  to  the  ground  and 
the  other  side  to  one  wire  of  the  transmission  line.     The  narrow  part  of  the 
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Fig.  412.  Fig.  413. 

Fig.  412. — The  principle  involved  in  the  lightning  arrester  is  to  prevent  a  surge  from 

entering  the  power  house  and  at  the  same  time  to  offer  a  low  resistance  to  ground. 
Fig.  413. — A  horn  gap  acts  to  extinguish  very  quickly  the  arc  which  follows  a  lightning 

discharge. 

gap  is  set  just  too  wide  for  the  normal  line  voltage  to  jump  across,  but  a 
voltage  slightly  in  excess  of  this  will  break  across.  The  temporary  high 
voltage  is  thus  relieved,  but.  in  addition,  power-house  current  starts  to 
follow  the  lightning  discharge  across  the  gap,  and  does  so,  establishing  an 
arc  across  the  gap  at  its  lowest  and  narrowest  part.  In  a  very  short  time, 
however  (perhaps  a  second  or  two)  the  arc  travels  up  the  horns,  owing  to 
the  combined  effects  of  heat  and  electromagnetic  repulsion,  and  thus 
becomes  longer  and  longer  until  it  ruptures  itself  and  the  insulation  of  the 
line  is  again  restored. 

At  present,  the  most  reliable  type  of  arrester  for  high-power  transmis- 
sion lines  is  the  electrolytic  form,  the  construction  of  which  is  indicated  in 
Fig.  414.  It  is  made  up  of  a  set  of  cone-shaped  aluminum  vessels,  nested 
one  within  the  other  and  held  a  short  distance  ajiart  by  suitable 
insulating  spacers;  the  space  between  the  cones  is  nearly  filled  with  a 
solution  of  sodium  or  potassium  hydro.xide.     This  column  of  aluminum 
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ipv  i. .  j^ctlitr  by  treatctl  wood  supports,  and  the  whole  is  put  into 

-Ui'\  tank  which  is  afterwards  filled  with  oil.    The  uppermost  cup  is 
iiiu'cted  to  the  line  to  be  protected,  either  through  a  horn  gap  arrester 


Fig.  414. — Showing  the  construction  of  a  modem  lightning  arrester  of  the  electroljtic 
type.  In  this  one  there  are  two  columns  of  aluminum  cups  in  scries,  a  construc- 
tion used  in  arresters  designed  for  the  higher  voltages. 

or  some  equivalent  device,  and  the  lowest  cup  is  connected  to  a  suitable 
earthing  connection,  perhaps  several  long  iron  pipes  driven  into  per- 
manently moist  earth. 
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When  such  a  series  of  aluminum  cups  is  connected  across  a  high- 
voltage  line,  a  small  current  leaks  through  and  forms,  on  each  metal  sur- 
face, a  film  of  aluminum  hydroxide,  which  is  a  fairly  good  insulator  for  two 
or  three  hundred  volts.  If  more  than  a  certain  limiting  voltage  is  put  on 
such  a  pair  of  aluminum  plates,  however,  the  film  breaks  down  com- 
pletely and  permits  the  flow  of  current  with  but  little  resistance.  By 
putting  a  sufficient  number  of  such  hydroxide  films  in  series  (as  is  done  by 
nesting  one  aluminum  cup  in  the  other)  a  very  high  line  voltage  ma\'  be 
impressed  without  much  line  current  leaking  through.  When  a  lightning 
pulse  comes  along  the  transmission  Hne,  raising  the  voltage  above  normal, 
the  resistance  of  the  arrester  breaks  down  and  discharges  the  line  of  its 
high  voltage.  A  horn  gap  is  practically  always  connected  in  series  with 
this  type  of  arrester;  as  the  power-house  current  follows  the  lightning 
discharge,  the  arc  travels  up  the  horn  gap  and  ruptures  itself,  as  stated 
before.  Thus,  after  the  arrester  has  discharged  one  pulse,  it  is  imme- 
diately ready  to  take  care  of  another;  the  film  restores  itself  after  the  arc 
goes  out. 

After  an  arrester  of  this  type  has  stood  idle  for  some  time,  the  hydrox- 
ide film  tends  to  disappear,  but  it  may  be  restored  by  connecting  to  the 
line  voltage  for  a  moment.  The  horn  gap  used  in  series  with  the  aluminum 
arrester  is  generally  arranged  to  permit  one  side  of  the  gap  to  be  moved 
into  contact  with  the  other;  this  allows  the  aluminum  arrester  to  be  con- 
nected from  line  to  ground,  and 
thus  permits  a  small  current  to 
leak  through  and  form  the 
film. 

The  horn  gap  not  only  helps 
to  extinguish  the  power  arc 
which  is  likely  to  follow  the  dis- 
charge of  the  arrester,  but  also 
serves  to  insulate  the  aluminum 
arrester  from  the  line  under 
normal  voltage  conditions.  This 
is  a  useful  service,  because,  al- 
though the  hydroxide  film  is  of 
high  resistance,  a  small  current 
will  continually  leak  through  if 
the  arrester  is  directly  con- 
nected to  the  line;  moreover, 
because  of  the  capacity  of  the 
arrester  (the  films  acting  as  the  condenser  dielectric),  a  considerable 
charging  current  will  flow  and  heat  the  electrolyte  unnecessarily.  The  oil 
with  which  the  steel  tank  is  filled  serves  not  only  as  an  insulator  but  also  to 
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Fig.  415.— Showing  how  the  choke  coil,  horn 
gap,  and  electrolytic  arrester  are  combined 
to  give  effective  protection  to  the  transmis- 
sion line.  Each  conductor  of  the  transmis- 
sion line  is  similarly  equipped. 


GROrND  DETECTORS 


419 


prevent  the  hydroxide  electrolyte  from  evaporating,  and   to  help  carry 
off  the  heat  developed  by  discharges. 

The  general  scheme  of  installation  of  such  an  arrester  is  sliown  in  Fig. 
115,  only  one  line  of  the  three-phase  s>'stem  being  shown;  similar  equip- 
ment is  required  for  each  wire. 

Recently,  another  type  of  arrester,  employing  lead  peroxide  pellets, 
luis  lx>en  introthieed  as  a  reliable  protector,  its  advantages,  as  compared 
with  the  aluminum  arrester,  being  that 
it  costs  less  and  is  less  trouble  to  main- 
tain. An  insulating  tube  (of  some  ma- 
rial  such  as  porcelain)  is  filled  with 
[MToxide  (PbO>)  pellets  al)out  J  inch 
tliaincter,  the  iiellets  having  been  covere<l 
with  a  thin  layer  of  some  insulating 
IKiwder.  Such  an  arrester,  properly  pro- 
IMjrtioned  for  the  voltage  of  the  line  to 
l)e  protected,  and  consisting  essentially 
<  »f  very  many  contacts  between  peroxide 
I)ellet8,  in  series  and  in  parallel,  pennits 
a  steady  current  of  only  a  very  small 
'action  of  one  milliampere;  when  an 
\cessive  voltage  is  impresseil  the  resist- 
ance drops  to  practically  zero.  After 
the  condition  of  extra  high  voltage  has 
passed,  the  contact  surfaces  at  once 
regain  their  insulating  qualities  so  that 
a  dischai^e  due  to  normal  line  voltage 
does  not  follow  the  lightning  discharge. 
These  pellet  arresters  apparently  are  com- 
|)letely  self-restoring  and  self-maintaining,  their  leakage  current  actually 
decreasing  as  they  are  kept  in  service.  Figure  410  gives  an  idea  of  the  con- 
struction and  appearance  of  one  of  these  pellet  arresters. 

367.  Ground  Detectors. — A  three-pha.se  system  may  be  grounded  at 
the  power  station  or  not;  in  case  it  is  not  grounded  the  neutral  point  of  the 
system  (O  in  Fig.  417)  is  referred  to  as  a  '  floating  neutral.'  In  case  the 
system  is  grounded  no  special  ground  detector  is  required,  as  will  Ix? 
evident  by  inspection  of  Fig.  417.  Should  a  ground  develop  in  line  A, 
for  example,  the  phase  0-A  of  the  generator  would  Ix?  short-circuited,  and, 
by  the  excessive  indication  of  the  ammeter  in  line  i4,  or  by  the  blowing  of 
the  circuit-breaker,  the  operator  would  at  once  know  that  line  A  was  in 
trouble. 

With  an  ungrounded  s\-stem  the  operator  would  have  no  direct  evi- 
dence that  line  A  was  in  trouble,  however.     All  line  ammeters  would  read 


Fiu.  41G. — The  lead  pellet  arrester, 
and  enlarged  view  of  some  of  the 
pellets. 
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practically  the  same  as  before;  in  fact,  except  for  extra  insulation  strains  the 
three-phase  line  would  operate  as  well  as  it  did  before  line  A  was  grounded. 
It  will  be  seen,  however,  that  if  line  A  grounds,  the  insulators  of  lines  B 
and  C  will  have  impressed  upon  them  full  line  voltage,  instead  of  only 
1/V3  of  the  line  voltage,  for  which  they  are  intended.     As  the  insulators 


Fig   417.  Fig.  418. 

Fig.  417. — A  three-phase  line  is  sometimes  grounded  as  the  neutral,  O,andsometimes  not. 
Fig.  418. — A  ground  detector  for  a  single-phase  circuit;  the  movable  plate,  C,  will  be 
closer  to  that  line  having  the  higher  resistance  with  respect  to  ground. 
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in  lines  B  and  C  are  much  more  likely  to  break  down  under  this  excessive 
voltage  than  when  the  line  is  in  normal  condition,  it  is  imperative  that  the 
operator  know  of  the  grounded  condition  of  line  A  so  that  the  ground 
may  be  located  and  removed. 

Various  kinds  of  ground  detectors  are  possible,  but  practically  all  of 
those  in  use  are  essentially  electrostatic  voltmeters. 
In  Fig.  418  is  shown  a  common  form  of  ground 
detector  for  use  on  a  single-phase  circuit.  The 
vane  C,  connected  to  ground,  will  be  most  strongly 
attracted  by  the  ungrounded  side  of  the  line,  and 
its  pointer  will  so  indicate.  In  case  one  side  of 
the  line  is  completely  grounded,  as  for  example, 
the  side  to  which  A  is  connected,  there  will  be  no 
attraction  between  A  and  C,  hence  C  will  move 
completely  over  to  B.  The  reading  of  such  an 
instrument  is  therefore  quantitative  to  a  certain 
extent,  indicating  whether  the  line  has  a  ''dead 
ground"  or  only  a  "partial  ground." 

For  a  three-phase  line,  three  instruments  of  the 

type  shown  in  Fig.  418  may  be  used,  one  connected 

between  each  pair  of  wires.     Their  relative  readings 

indicate  the  condition  of  insulation  on  the  different 

wires.  Another  type  operates  about  as  indicated  by  the  conventional  diagram 

given  in  Fig.  419.     Three  spheres  arranged  in  an  equilateral  triangle,  in  a 


Fig.  419. — The  ground  in- 
dicator for  a  three- 
phase  line  acts  similarly 
to  that  for  the  single- 
phase  line,  shown  in 
Fig.  418;  the  movable 
plate,  D,  will  tend  to 
leave  the  grounded  line. 
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liorizontal  plane,  are  connected  one  to  each  line  as  shown  &t  A,  B,  and  C. 
Below  them  is  another  sphere  D,  which  is  electrically  connected  to  ground. 
!•  i-  -ufVuiently  separated  from  the  other  three  to  prevent  a  spark  jump- 
■:■:  i"  ;a.^>n  them  at  line  potentials.  This  fourth  sphere  is  pivoted  at 
/•-■  so  that  it  can  swing  in  any  direction,  and  is  counterweightcd  at  P. 
Normally  sphere  D  is  equally  attracted  by  each  of  the  others,  but  if  one 
I  the  lin«*s  U'comes  grounded  the  attraction  between  its  sphere  and  D  is 


•  .>i>ical  outdoor  substation  showing  transformers,  electrolytic  arresters, 
horn  gaps,  and  choke  coils  (on  uppermost  frame  work). 


at  once  diminished  so  that  D  moves  away  from  it.  Hence  the  positiqji  of 
sphere  D  serves  as  an  indication  of  the  relative  potentials  of  the  three 
lines  to  ground,  and  this  in  turn  is  determined  by  their  insulation  from 
irrmmd. 

368.  Types  of  Structures  for  Transmission  Lines. — With  the  excep- 
t  ion  of  low-voltage,  low-capacity  lines,  which  use  wooden  poles,  practically 
all  mo<lem  transmission  lines  are  carried  on  steel  towers,  built  up  of  stand- 
ard structural  forms.    They  are  generally  of  the  self-supporting  type, 
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having  three  or  four  supporting  legs  firmly  bolted  to  concrete  footings, 
these  being  cast  in  place  and  extending  perhaps  6  feet  below  the  surface 
of  the  ground. 

The  height  of  tower,  spacing  of  towers,  etc.,  vary  much  with  the  local 
conditions  and  local  regulations.  With  a  certain  permitted  clearance 
between  wires  and  ground,  it  is  evident  that  in  situations  where  tempera- 
ture changes  and  ice  loading  may  be  expected  to  cause  much  expansion, 
either  higher  poles  or  close  spacing  of  towers  is  necessary.  Special  poles 
are  required  when  the  line  departs  from  a  straight  line,  because  of  the 
resulting  side  pull.  Very  high  towers  are  necessary  at  the  banks  of  streams 
and  as  the  pull  of  wires  in  a  long  span  is  high,  either  steel  cables  or  copper 
cables  with  steel  cores  are  used. 

More  and  more  outdoor  switching  and  transformer  stations  are  being 

installed ;  the  transmission 
line  at  these  points  becomes 
a  maze  of  poles,  cables,  and 
insulators.  The  switches  and 
transformers  used  are  de- 
signed to  function  perfectly 
under  extreme  weather  con- 
ditions, even  with  no  protec- 
tion of  any  kind.  The  outdoor 
transformer  substations  are 
generally  installed  near  small 
towns,  where  the  town  re- 
quires say,  2200  volts  for  its 
distribution  network;  trans- 
formers to  step  the  voltage 
down  from  perhaps  100,000 
to  2200  are  connected  to  the 
transmission  line.  Such  an 
outdoor  sub-station  is  shown 
in  Fig.  420. 

369.  Transposition.— The 
large  currents  carried  by  a 
high-power  transmission  line 
are  likely  to  produce  dis- 
turbances in  neighboring 
telephone  lines.  The  low- 
frequency  current  itself  may 
not  cause  so  much  inter- 
ference with  the  telephone  lines,  but  the  ripples  in  the  voltage  wave, 
which  exist  in  many  generators  not  especially  designed  to  prevent  them, 


Fio.  421  .—Showing  how  the  special  construction 
is  carried  out  on  a  tower  where  the  wires  of  a 
three-phase  Hne  are  transposcnl. 
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have  the  right  frequency  to  interferi'  Horiously  with  voice  current*.  To 
reduce  this  effect  of  mutual  induction,  it  is  customary  to  transpose  the 
wires  of  a  throo-phase  sj'stom  at  regular  intervals.  In  case  an  unsym- 
metrical  arrangement  of  the  wires  of  a  three-phase  line  is  employ e<i  (as 
for  example,  all  three  wires  in  the  same  plane,  as  is  sometimes  done),  the 
transposition  is  also  necessar>'  to  keep  the  regulation  of  the  three  phases 
alike,  that  is,  to  keep  the  s>'stem  halance<l  at  the  load.  At  transposition 
points,  specially  designed  towers  are  generally  necessary;  one  form  of 
transposition  tower  is  shown  in  Fig.  421. 

370.  Power-factor  Correction. — As  the  earning  capacity  of  a  tran.«- 
mission  line  is  fixed  by  the  kilowatts  of  power  carried  over  it,  we  can  see 
that  the  power  factor  of  the  load  is  a  very  important  item  in  determining 
the  economic  success  of  the  power  company.  Thus,  if  a  line  is  designed 
with  sufficient  copper  and  sufficient  generating  apparatus  to  deliver  500 
amperes  per  wire  of  a  200,000-volt,  three-phase  system,  the  pof^mble  delivery 
of  ix>wer  is  2()0X500XV^=  173,000  kw.  If,  however,  there  is  a  large 
number  of  under-loaded  induction  motors  in  the  load,  and  many  trans- 
fonners  for  which  the  exciting  current  has  to  be  furnished,  the  power 
factor  of  the  load  may  lie  only  0.7  and  the  carrying  capacity  of  the  line 
only  70  per  cent  of  its  theoretical  value,  namely  120,000  kw.  Thus  the 
earning  capacity  of  the  line  is  fixed  by  the  figure  120,000,  insteatl  of 
173,000,  and  the  jKJssibility  of  paying  dividends  on  the  proposition  is 
correspondingly  diminishe<l. 

In  many  such  cases  it  actually  pays  the  power  company  to  install, 

its  own  expense,  synchronous  motors  at  the  load  end  of  the 
transmission  line.  These  machines  are  run  unloaded  (doing  no  me- 
chanical work)  with  fields  sufficiently  overexcited  to  draw  full-load  cur- 
rent from  the  line.  This  current  will  lead  the  voltage  by  nearly  90® 
(as  was  pointe<l  out  in  section  291)  and  will  therefore  Ik?  in  the  right 
phase  to  neutralize  the  lagging  current  taken  by  the  induction  motor 
load. 

()f  course,  these  synchronous  condensers  (as  synchronous  motors  so 
employed  are  designated)  increase  the  amount  of  capital  invested  in  the 
line,  but  the  gain  in  carr>'ing  capacity  of  the  line  itself  more  than  offsets 
the  carrying  charges  on  this  added  investment.  If  no  special  transfonners 
are  require<l  to  ofX'rate  these  sj'nchronous  condensers,  i.e.,  if  they  can  be 
ojx'ratetl  from  tran.-^formers  already  installed  for  other  purposes,  it  pays 
to  put  in  sufficient  capacity  in  synchronous  condensers  to  bring  the  power 
factor  at  the  load  end  up  to  aliout  95  per  cent.  It  becomes  increasingly 
exfX'nsive  to  improve  tho^power  factor  above  this  point,  becaiLse  of  the 
slow  rate  of  change  of  Uieieo^e  of  an  angle  when  the  angle  is  small.  For 
example,  let  us  rf)nsidex.ia;load  of  lOO.OCX)  kw.  at  a  power  factor  of  0.75, 
not  an  unreasonable  one  fur  > average  loading  conditions.     The  amount  of 


424  THE  TRANSMISSION  OF   POWER  (Chap.  XI 

synchronous  condenser  required  to  increase  the  power  factor  of  the  line 
by  increments  of  5  per  cent  is  as  follows : 

From  0.75  to  0.80  requires  13,000  kv.a.  of  synchronous  condenser 
0.80  to  0.85       "       13,200     "     " 
0.85  to  0.90       "       13,400     "     " 
0.90  to  0.95       "        16,000     "     " 
0.95  to  1.00       "       32,400     *'     " 

From  this  table  it  is  quite  evident  that  it  cannot  pay  to  improve  the 
power  factor  by  this  method  to  a  higher  figure  than  0.95  and  possibly  not 
quite  as  high. 

Besides  improving  the  earning  capacity  of  the  line,  this  use  of  syn- 
chronous condensers  permits  a  much  better  regulation  of  the  voltage  at 
the  load  end  of  the  line,  thus  giving  the  customer  better  service.  This 
benefit  to  be  derived  by  the  use  of  synchronous  condensers  is  of  increasing 
importance  with  increasing  distance  of  transmission;  and  as  the  distance 
of  transmission  is  continually  increasing,  we  may  expect  more  and  more 
machines  to  be  installed  to  operate  in  this  fashion. 

It  is  to  be  noticed  that  if  the  current  at  the  load  end  of  the  line  lags 
behind  the  voltage  by  perhaps  15°,  it  will  undoubtedly  lead  the  voltage 
at  the  generator  end,  because  of  the  effect  of  the  charging  current  of  the 
line.  This  charging  current,  which  we  have  shown  how  to  calculate  in 
section  362,  is  a  maximum  at  the  generator  end  of  the  line  and  diminishes 
to  zero  at  the  load  end ;  the  actual  current  in  the  line  therefore  gradually 
advances  its  phase  as  the  generator  end  of  the  line  is  approached. 

371.  Insulators. — For  making  the  insulators  used  in  transmission 
lines,  porcelain  is  almost  universally  employed;  glass  is  a  possible  substi- 
tute, having  in  general  the  same  electrical  properties  as  porcelain,  a  some- 
what greater  tensile  strength  than  porcelain,  and  less  tendency  to  absorb 
moisture.  With  the  exception  of  low-voltage  (2200)  insulators,  however, 
porcelain  is  always  used. 

A  reasonable  working  voltage  for  porcelain  is  10  to  20  kv.  per  inch  of 
thickness,  and  it  is  not  advisable  to  use  it  in  pieces  more  than  about  one 
inch  thick.  For  high  voltages,  therefore,  the  insulator  must  consist  of 
many  parts  (electrically  in  series),  the  different  parts  being  properly 
fastened  together  to  stand  the  compressive  or  tensile  strains  under  which 
the  insulator  is  to  be  used. 

An  insulator  may  fail  to  function  by  actual  puncture  of  the  porcelain, 
by  creepage  over  the  surface,  or  by  an  arc  jumping  around  the  insulator 
from  the  line  to  the  insulator  support.  A  properly  designed  insulator  will 
fail  under  excessive  voltage  by  arcing,  and  by  arcing  in  such  a  manner  that 
the  arc  does  not  come  in  contact  with  the  insulator  at  any  part;  that  is, 
the  arc  must  jump  around  the  insulator,  not  come  in  contact  with  its 
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surface.    Should  it  do  this  the  intense  heat  of  the  arc  would  at  once  crack 
the  porcelain  and  the  insulator  would  be  ruined.    In  the  average  insulator 
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Steel  Pin 

Fig.  422.  Fio.  423. 

I  Hi.  422. — CroflB-section  through  a  66,000-voIt  pin  insulator,  consisting  of  three  parts 

cemented  together. 
I  lu.  423. — Crofls-section  through  a  t\i>ical  disc  insulator. 


design,  about  J  inch  creepage  surface  is  allowed  per  kilovolt;  a  66,000- volt 
insulator  would  have  about  4  inches  of  porcelain  between  wire  and  pin, 
and  a  creepage  surface 
about  50  inches  long. 
Such  a  design  is  shown 
in  Fig.  422.  The  differ- 
ent sections  of  the  in- 
sulator (in  the  case  of 
a  pin  insulator)  are 
cemented  together,  and 
the  innermost  section  is 
shaped  to  fit  the  threaded 
steel  pin  which  holds  the 
insulator  to  the  cross 
arm  of  the  tower. 

In  general,  pin  insu- 
lators are  not  economical 
for  voltages  much  alx>ve 
50  kilovolts;  for  higher 
voltages  the  disc,  or  sus- 
pension, type  of  insulator 
is  always  used.  An  idea 
of  the  construction  of 
this  type  of  insulator  is 
given  in  Fig.  423.    The  saucer-sha|)ed  porcelain  disc  is  about  12  inches 
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Fio.  424. — The  strength  of  u  string  of  disc  insulators 
does  not  increase  proportionally  to  the  number  <A  discs 
used;  each  disc  added  to  the  string  increases  its 
dielectric  strength  by  an  increasingly  smaller  amount. 
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across  and  has  from  one  to  one  and  a  half  inches  of  porcelain  between  the 
pin  in  its  lower  side  and  the  metal  cap  on  its  upper  side.  The  creepago 
path  is  considerably  lengthened  by  the  petticoats  on  the  lower  side  of  the 
disc.  The  steel  cap  cemented  on  the  top,  and  the  steel  pin  cemented  in 
the  lower  side,  have  holes  properly  placed  so  that  by  steel  pins  as  many 
discs  can  be  fastened  together  as  desired. 

The  insulating  value  of  a  string  of  insulators  does  not  increase  directly 
with  the  number  of  sections  in  the  string,  but  increasingly  less  so;  that  is, 
a  string  of  ten  discs  will  not  stand  ten  times  as  much  voltage  as  one  disc. 
This  idea  is  brought  out  in  Fig^  424,  which  shows  how  the  strength  of  an 
insulator  increases  with  the  number  of  discs  used  in:  the  string.  By 
string  efficiency  is  meant  the  ratio  of  the  strength  of  the  string  to  that  of 
one  disc  multiplied  by  the  number  used. 

By  using  different-sized  discs  in  the  string,  those  next  to  the  wire 
having  a  greater  electrostatic  capacity  than  those 
nearer  the  pole,  the  line  voltage  is  divided  more 
evenly  among  the  various  units  of  the  string  and 
the  string  efficiency  thereby  raised. 

Insulators  must  be  tested,  of  course,  at 
voltages  much  higher  than  that  of  the  line  on 
which  they  are  to  be  used,  as  excessive  voltages 
are  likely  to  occur  on  the  transmission  at  any 
time.  For  example,  the  insulators  to  be  used  on 
a  three-phase,  100,000-volt  Hne  should  be  able  to 
stand  at  least  150,000  volts  before  breaking 
down.  As  an  insulator  will  break  down  more 
easily  when  wet  than  when  dry,  the  test  is  carried 
out  for  both  the  dry  and  the  wet  conditions ;  th(^ 
latter  is  duplicated  in  the  laboratory  by  spray- 
ing the  insulator  with  water  while  the  test 
voltage  is  applied.  Figure  425  shows  a  break- 
down test  of  a  string  insulator;  it  is  arcing  over, 
under  a  pressure  of  about  250,000  volts. 

372.  Superpower  Transmission  Network. — A  study  of  ihc  ((tsts  of 
generating  electric  .power  at  once  shows  the  advantage  to  be  i;ain(Hl  In- 
substituting  one  large  power  ]:)lant  for  many  small  otio.-^.  All  sorts  of 
labor-saving  devices  and  special  efficiency-increasing  sclicnics  arc  appli- 
cable in  plants  of  several  himdred  thousand  kw.  capacity,  whereas  they 
could  not  be  economically  installed  in  plants  of  a  few  thousand  kw. 
capacity.  Evidently  also,  the  cost  of  generating  electric  power  in  steam 
plants  will  depend  largely  upon  the  cost  of  getting  coal  to  the  boilers: 
only  those  plants  close  to  the  mines,  or  those  where  a  short,  direct  haul  is 
possible,  can  have  low  transportation  costs.     It  is  evident,  then,  that  for 


Fig.  425. — A  "flash-over" 
on  a  string  of  disc  in- 
sulators. 
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<  oiMMny,  in  so  far  as  coet  per  kw.-hour  at  thp  switch-lK)artl  is  concerned,  a 
plant  should  lie  either  a  h3'dro-eIectric  one  or  else  should  l)e  located  at  the 
tnine-head. 

Either  of  these  scheme*,  however,  will  |?enerally  put  the  plants  far  away 
om  the  industrial  centers  which  they  are  to  serve;   hence  the  idea  of  a 
n«mendous  network  of  transmission  lines,  covering  the  indiLstrial  parts  of 
the  country,  the  network  to  be  8upplie<l  from  a  few  superpower  plants. 

One  superpower  plan,  which  seems  likely  to  come  into  operation  in  the 
near  future,  covers  the  eastern  part  of  the  United  States,  about  as  shown 
in  Fig.  426.  I>an?e  power  stations  will  be  located  in  the  mine  fields,  and 
will  be  designed  to  bum  tht-  lower  grades  of  coal  which  it  does  not  pay  to 
haul  at  present.    The  plants  could  not  be  directly  at  the  mines,  because 
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Washingtoa 

IJG. — Showing  the  network  of  transmiasion  lines  recommended  for  economical 
power  generation  and  distribution  in  the  eastern  part  of  the  I'nited  States. 

the  prime  factor  determining  their  location  is  the  availability  of  cooling 
water;  but  even  so,  the  required  coal  haul  would  l)e  short  and  direct. 

It  is  expected  that  many  small  water-power  plants,  as  well  as  the  great 
powers  available  in  the  mountains  of  New  York  State  and  the  rapids  of 
the  St.  I^wrence,  will  be  tie<l  into  the  network.  Although  the  St.  Ij&w- 
rcnce  power  is  about  300  miles  away  from  the  center  of  power  consump- 
t  ion,  it  is  not  impossible  for  a  line  as  long  as  this  to  function  reasonably 
well.  Three  hundred  thousand  volts  is  not  an  impossible  voltage;  and 
by  using  several  aluminum  cables  in  parallel  for  one  conductor  the  induct- 
ive reactance  of  the  line  can  be  kept  to  a  reasonable  figure. 

In  Fig.  426  is  shown  a  plan  of  the  contemplated  transmission  lines, 
only  the  trunk  lines  being  shown.  Very  large  steam  plants  in  New  York 
Philadelphia,  and  Boston,  all  of  which  can  have  their  coal  delivered 
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directly  at  the  plant  by  boat,  will  supplement  the  power  plants  in  the 
mine  fields  and  the  hydro-electric  plants;  the  water-power  plants  will 
run  at  full  capacity  all  the  time,  the  steam  plants  filling  in  the  power 
demands  which  cannot  be  supplied  by  the  water-power  plants.  It  is 
estimated  that  such  a  network  would  save  many  millions  of  tons  of  coal  a 
year,  because  of  the  increase  in  efficiency  alone,  exclusive  of  what  the  hydro- 
electric power  would  do  to  cut  down  the  coal  bill. 
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Arresters,  lightning,  for  transniiaeion  linos 415 

.\8>'nchroiiou8  generator  .  .  342 

Auto-transformer 317 

used  to  start  squirrel-cage  induction  motors 337 

Average  value  of  a  sine  wave 16 

Axial  method  of  ventilating  turbo-alternators 216 

B 

Balanced  poI>'pha8e  system,  definition  of 134 

Bar  armature  winding 237 

Basket  winding J38 

Booster,  synchronous,  used  to  compound  s>'nchronous  converter 375 

Bracing  for  armature  coils 245 

Break-up  fiekl  switch.                   370 

C 

Capacitance,  circuit  containing  only 41, 46 

resistance  and 97,  101 

unit  of 37 

Capacitive  circuit 41,  45 

reactance 44 

Capacity  of  three-phase  armature  windings  223 

transmission  Unes,  effect  of 409 

various  groupings  of  armature  inductors 230 

Cascade  connection  of  induction  motors 341 

Chain  winding 238 

Chamfered  pole  pieces 213 

Characteristic  curves  of  an  altoiuitor 263 

Circuit,  alternating-current,  law  of  reactions  in 23,  31 

paraUcl 119 

resonance  in 125 

series,  containing  capacitance  and  resistance 97,  101 

onty 41,45 

inductance  and  resistance 84,  90 

only. 30,  35 

reststanoe,  inductance  and  capacitance 105 

only 25,27 

resonance  in 115 

Circulating  current  with  alternators  in  parallel  operation 282 

Classes  of  a.c.  meters 175 

Closed-circuit  armature  windings 223 

Coil  diagrams,  notation  for 62 

Coils,  armature,  proper  bracing  for 245 

connections,  examples  of  practical 64 

Cmb,  tranrformcr,  con«tmction  of 302 

voltage  of  a  group  of  armature 55 
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Commercial  windings  of  alternators 241 

Compensating  winding,  used  in  single-phase  series  motors 386 

Compensator,  used  to  start  squirrel-cage  induction  motors 337 

Complex  wave,  effective  value  of 17 

Compounding  synchronous  converter  by  line  inductors  and  series  field 372 

synchronous  booster 375 

Concatenated  induction  motors 342 

Concentric  armature  windings 238 

Condenser,  synchronous  motor  used  as  a  synchronous 354 

Condensers 37 

effective  series  resistance  of 101 

for  power  factor  correction 40 

losses  in 100 

variable 39 

Condensive  circuit 41,  45 

Conductance 122 

mho,  the  unit  of 124 

Conductor,  or  ohmic,  resistance 94 

Constant-current  transformer 318 

Coritinuous-current  circuit  containing  inductance 28 

Converter  (see  synchronous  converter) 

Copper  losses  in  a  transformer 305 

Core,  armature,  of  an  alternator 213 

construction  of  a  transformer 298 

Core-loss  in  a  transformer 305 

Core-type  transformer 296 

Corona 407 

Current-limiting  reactors 272 

Current  transformer 321 

Cycle,  defined 5 

D 

Damping  of  a.c.  meters 178 

winding  in  synchronous  motors 348 

Delta-connected  alternator 76 

tests  to  be  made  before  closing  winding  of  a 76,  79 

system 158 

effect  on,  of  reversed  phase  rotation 160 

measurement  of  power  in 162 

notation  of  vectors 160 

unbalanced 168 

Delta,  open-,  connection  of  armature  coils 78 

transformers 316 

Detectors,  ground 419 

Difference  between  a.c.  and  c.c.  meters 176 

Division  of  load  between  alternators  operated  in  parallel 284 

Dynamometer  type  of  a.c.  meters 181 

E 

Eddy-current  loss  in  iron 94 

transformers 305 
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Effect  of  power  faetor  upon  armature  reaction. .  J47 

wattmeter  readinfB  in  three-phaae  ^stem 151 

Effective  reMtanct-    03 

of  a  oolidenaer 101 

tranrformer 306,  309 

value  of  a  complex  wave 17 

■ine  wave 13 

an  alternating  ctirrent '.....     12 

voltage 10 

EfficMDCy  of  a  tranrformcr 306 

Electrons,  actual  motion  of,  in  alternating  currents 11 

Electrolytic  lightning  arresters 417 

Electromotive  force  induced  in  an  induction  motor  rotor 333 

method  for  determining  alternator  regulation 266  . 

Equations  of  the  traaaf<Miner 290 

Equivalent  circuit  of  a  synchronous  motor 354 

resistance  (see  effective  resistance) 

Excitation  for  alternators 219,273 

8>T)chronous  motors 349 

Exciter  for  an  alternator,  capacity  of 273 

Exciting  current  of  a  transformer 289,  292 

External  characteristics  of  an  alternator 264 

V 

Factor,  form 19 

power 36,  90 

Farad,  unit  of  capacitance 37 

Field  break-up  switch 370 

-compounding  curve  of  an  alternator 264 

rotating,  of  an  induction  motor 325 

synchronous  i^>eed  of 329 

structure  <rf  an  alternator 211 

Flat-topped  wave 8 

Form  factor 19 

Frequencies  in  common  use .  10,  218 

Frequoicy 6 

meters 195 

of  an  altmiator 219 

resonant 116 

G 

Graphical  determination  of  transmission  line  regulation 405 

Ground  detectors 419 

wires  in  transmnsicm  lines 414 

Group  of  coils  oo  alternator,  voltage  of 55 

H 

Harmonics,  affect  wave  forms 7 

I^iase  of,  in  distorted  waves 9 

upper,  d^nition  of 8 

Henr>-,  unit  of  self-induction 81 

High-frequency  ammeters  and  voltmeten 190 
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Horn  gap  lightning  arresters 416 

Hot-wire  type  of  a.c.  meters 191 

Hunting  of  alternators  in  parallel 286 

synchronous  motors 357 

Hysteresis  loss  in  iron 94 

transformers 305 

t 

I 

Impedance 89 

diagram  for  capacitive  circuit 99 

inductive  circuit 89 

drop 88 

synchronous,  of  an  alternator 266 

Inclined-coil  type  of  a.c.  meters 178 

Indicating  a.c.  meters,  requirements  for 175 

Inductance,  a.c.  series  circuit  containing  only 30,  35 

resistance  and 84,  90 

capacitance  and 105 

coefficient  of  self- 29 

in  a  c.c.  circuit 28 

iron-core 93 

unit  of,  the  henry 81 

Induction  generator 342 

Induction-motor  method  of  starting  a  synchronous  converter 369 

motor 347 

Induction  motor,  analysis  of  rotating  field  of 327 

polyphase,  construction  of  rotor 330 

development  of  torque  in 332 

principle  of  operation 325 

reactance  of  rotor  circuits 334 

rotating  magnetic  field  of  an 325 

rotor  circuit  with  variable  resistance 338 

construction 330 

currents,  frequency  of 333 

e.  m.  f.'s 333 

reactance,  effect  of 334 

resistance,  effect  of 339 

running  characteristics 339 

slip 329,  333 

speed  of  rotation  of  the  field  of  an 329 

control Ml 

squirrel-cage  rotor 330 

starting  characteristics 336 

stalling  of 340 

starting  of 337 

torque  of 332,  334 

used  as  generator 342 

to  start  a  synchronous  converter 371 

motor 347 

wound  rotor 330 

starting  characteristics 339 


INDEX  435 

Induction  motor,  single-phase 382 

applications  uf 383 

c«>oiniutator  type  of .  .  388 

split-phase  method  of  Mtarting 382 

Induction  type  of  a.c.  meters 187 

Inductive  circuit 30 

examples  of 81 

reactance 84 

Inductor,  variable,  for  radio  circuits. 88 

Instantaneous  short-circuit  current  of  an  alternator 271 

Instrument  transf<Miners 193,  321 

Instruments,  a.c.  (see  ahemating-current  meters) 

Insulation,  of  armature  windings 243 

transformer  windings 301 

Insulators  for  transmiwioa  lines 42^ 

Iron-oore  inductances 83 

Iron^vane  met«« 178 

Inm  kjases  in  a  transformer 292 

L 

Lamps  used  for  synchronising 278 

effect  of  phase  rotation  on 281 

Lap  winding                         232 

Law  of  reactions  in  an  a.c.  circuit 23,  31 

Lead  pellet  lightning  arrester 419 

Leakage,  magnetic,  in  a  transformer 310 

reactance,  in  a  transformer 311 

Lightning  arresters  for  transmission  lines 415 

line  voltages  of  a  three-phase  alternator. .  73 

IjosB-curves  of  a  transformer 306 

Loss  due  to  eddy  currents 94 

h>'8tere8is 94 

Losses  in  a  condenser 100 

transformer. . .                   304 

determination  of .                    308 

M 
Machinery,  a.c.,  rating  of .  .  .    .  262 

Magnetic  field,  rotating,  of  an  induction  motor 325 

.synrhrontiiiM  H|)(><>d  <if .  .  329 

leakage  in  a  transformer.  .  .  310 

Magnetising  current  of  a  transformer .    .     292 

Measurement  of  power  in  a  thret^phase  s>'stem  143,  162 

two-phase  system .   135 

Mercury-arc  rectifier 377 

Mershon  chart  for  determining  transmisnon  line  regulation 405 

Mesh-connect  «1  alternator 76 

Meters  ist'e  altemating-rurrent  mtftefs) 

Mho,  unit  of  admittance,  conductance  and  susceptannv  124 

Microfarad,  defined 38 

Microhenr>',  defined 81 

Millihenr>',  defined 81 
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Mirror  symmetry  of  a.c.  wave  forms 9 

Momentary  short-circuit  current  of  an  alternator 271 

Motion  of  electrons,  actual  motion  of,  in  an  alternating  current 11 

Motor-generator  sets,  as  rectifying  devices 376 

Motors,  induction,  polyphase 325 

single-phase 382 

repulsion 390 

series,  single-phase 383 

synchronous 345 

N 

Natural  period  of  a  synchronous  motor 358 

Notation  of  coil  diagrams 62 

three-phase  vectors 141,  160 

vectors 53 

o 

Ohmic,  or  conductor,  resistance 94 

Oil-cooled  transformers 303 

Open-circuit  armature  windings 223 

Open-delta  connection  of  armature  coils 78 

transformers 316 

Operation  of  alternators  in  parallel 276 

Oscillograph 203 

P 

Parallel  a.c.  circuit 119 

resonance  in 125 

operation  of  alternators 276 

Peaked  wave 8 

Pellet  lightning  arrester,  lead 419 

Periodicity 6 

Phase  characteristics  of  a  synchronous  motor 350 

rotation 68 

effect  of,  on  synchronizing  lamps 281 

reversing  in  three-phase  A-connected  sj^stem 160 

Y-connected  system 142,  150 

shifting  of  alternators,  in  parallel  operation 285 

synchronous  motors 356 

voltages  of  a  three-phase  alternator. 73 

Polar  vector  diagrams,  explained 49 

Polygon  vector  diagrams,  explained 50 

Polyphase  power,  superiority  of,  over  single-phase  pow(>r 131 

transformation 313 

system,  balanced,  definition  of 134 

power  uniform  in  a 136 

transformers 313 

Potential  transformer 321 

Power  capacity  of  different  coil  groupings -30 
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Pou'er  factor ...  36,  00 

correcUun  in  tmntmiiion  lines 423 

curve  of  a  tnuufMrmer 307 

effect  of,  upon  armature  reaction 247 

wattmeter  readings  in  a  three-phaae  system 151 

improvement  of,  by  using  synchronous  motors 355 

meters IW 

in  a  circuit  containing  only  capacitance 45 

and  resistance 101 

inductance 35 

and  resistance 00 

TwriBtsnee 27 

inductance,  and  capacitance 100 

in  a  single-phase  system  is  pulsating 27,  136 

three-phase  system 142,  162 

measurement  of ,  in  a  three-frfiase  A-conneeted  system 162 

Y-connected  system 143 

two-phase  system 135 

station,  short-circuit  risk  of  a 342 

s^mchronixing 286 

uniform  in  a  polyphase  system 136 

Preventive  leads  in  a.c.  series  motors 388 

Q 

Quarter-phase  alternator 68 

R 

Radial  method  of  ventilating  turbo-alternators 216 

Rate  <rf  change  of  a  current  or  voltage  of  sine-wave  form 10 

Rating  of  a.c.  machinery 262 

Ratio  of  current  and  voltages  in  a  synchronous  converter 965 

transformer 201 

transformers 300 

voltages  in  a  synchronous  converter 362 

Reactance,  anti-inductive 44 

armature 263 

capacitive 44 

inductive 34 

of  transnusaion  lines 405 

leakage,  in  a  transfonner 311 

of  rotor  circuits  ci  an  induction  motor 334 

Reaction,  armature 246 

Reactions,  law  of,  in  an  a.c.  circtiit .  .23,  31 

Reactors,  current-limiting .  .  .  ■  ■  272 

Recording  meters ...  205 

Rectifying  devices,  need  of 360 

ooDverien,  synchronous  (see  8>'nchronous  oonvertefs) 

mCTCury-arc * 377 

motor-generator  sets 376 

thermidnic , 381 

vibrating 376 
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Regulation  of  a  transformer 307,  312 

an  alternator,  defined 265 

determination  of,  by  the  A.  I.  E.  E.  method 269 

by   electromotive  force  or  syn- 
chronous impedance  method .  .  266 

transmission  lines 399,  405 

Regulator,  voltage 273 

Repulsion  motor ; 390 

compensated  type  of 392 

torque  of,  varied  by  brush  position 391 

Resistance,  added  to  rotor  circuit  of  wound-rotor  induction  motor 338,  340 

apparent 94 

armature 263 

conductor 94 

effective 93 

equivalent 94 

scries  circuit  containing  capacitance  and 97,  101 

inductance  and 84,  90 

capacitance  and 105 

only 25 

Resistive  circuit 25 

Resonance  curve  for  series  circuit 118 

Resonance  in  a  parallel  circuit 125 

series  circuit 115 

danger  from  high  voltage  in 116 

Resonant  frequency 116 

rise  in  voltage  in  transmission  lines 414 

Resultant  voltages  of  various  groupings  of  armature  inductors 227 

Reversed  phase  rotation,  effect  of,  on  three-phase  A-connected  system 160 

Y-connected  system 142 

Reversing  direction  of  rotation  of  an  armature,  effect  on  group  voltages 68 

Risk,  short-circuit,  of  a  power  station 342 

Rotary  converter  (see  synchronous  converter) 

Rotating  magnetic  field  of  an  induction  motor 325 

speed  of 329 

Rotor  circuits  of  an  induction  motor,  effect  of  resistance  inserted  in 338 

reactance  of 334 

construction  of,  for  an  alternator 211 

induction  motor 330 

currents  in  an  induction  motor,  frequency  of 333 

defined 210,  325 

e.m.fs.,  in  an  induction  motor,  distribution  of 333 

resistance,  effect  of,  on  operating  characteristics  of  a  wouiid-iDfor  iiuhicfion 

motor 340 

speed  of  an  induction  motor 329 

Running  characteristics  of  induction  motors 339 

S 

Saturation  curve  of  an  alternator 266 

Scalars,  defined 48 

Scott  transformation .' 315 

Self-inductanoe,  unit  of,  the  henry 81 
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Serial  circuit  containing  capacitanop  and  reMUnee. .  97.  101 

oojy 41,46 

inductance  and  kmUdm .84,90 

only 30,35 

resistance,  inductance  and  capacitance.  105 

only 25,  27 

resonance  in 115 

motor,  stngle-phaae 383 

commutation  in  a 387 

compensating  winding  for 386 

constniotion  of 385 

resistance  leads  of  a 388 

resistance  of  a  condenser,  effective 101 

Shading  coil 196 

Shell-type  transformer 296 

Short-circuit  current,  accidental,  of  an  alternator 271 

to  determine  sjTichronous  impedance 267 

risk  of  a  power  station M2 

:  -ue  wave,  average  value  of  a ! •• 

construction  of 

effective  value  of  a i  ,    i.j 

generation  of 2 

of  current,  equation  of 6 

rate  of  change  of  a 19 

vector  representation  of . . .  6 

Sin^e-phase  alternator 220 

armature  reaction 245 

circuit 81 

induction  motor 382 

power,  is  pulsating 27,  136 

series  motor 383 

supoiority  of  |x>lyphaj9e  power  over 131 

transmission  line,  regulation  of 399 

Skin  effect . .     94 

SHp  of  an  induction  motor :>29,  333 

Slip-rings .  .   210 

8k)t  factor 244 

Speed  control  of  inducticm  motors Ml 

of  rotor  of  an  induction  motor 329 

Speeds  of  commercial  alternators 241 

Spiral  armature  winding 238 

Split-phase  method  of  starting  single-phase  motors .  .  •'{82 

Squirrel-cage  rotor  for  induction  motors 330 

winding,  used  to  start  sj'nchrooous  motor-  348 

Stalling  on  over  load  of  induction  motors •i40 

s>-nchronou8  motors 349 

Sutor,  defined 210,  825 

Star-connected  (see  Y-connected) 

Starting  characteristics  of  a  squirrel-cage  induction  motor .  336 

synduooouB  motor 347 

wound-rotor  induction  motor 339 
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Starting  methods  for  induction  motors 337 

synchronous  converters 368 

motors 347 

Steady  short-circuit  current  of  an  alternator 272 

Stiff  field,  defined 261 

String  efficiency  of  insulators 426 

Structures  for  transmission  lines 421 

Subtraction  of  vectors 50 

Superpower  transmission  net-work 426 

Susceptance 122 

of  transmission  lines 410 

mho,  unit  of 124 

Sustained  short-circuit  current  of  an  alternator 272 

Synchronizing  of  a.c.  generators 277 

devices 278 

lamps 278 

effect  of  phase  rotation  on 281 

power 286 

sequence  of  operations  in 282 

Synchronoscope 202,  278 

lamps  used  instead  of 279 

Synchronous  converter,  builds  up  with  reversed  polarity 370 

capacity  of  a 368 

c.c.  voltage  nearly  independent  of  load 361 

commutator,  large  on  a 372 

compounding  by  line  inductances  and  series  field 372 

synchronous  booster 375 

current  forms  in  the  coils  of  a 364 

field  break-up  switch  of  a 370 

heating  of  coils 366 

principle  of  operation 360 

single-phase,  ratio  of  currents 365 

voltages 362 

sparking  at  c.c.  brushes 371 

starting  of 368,  371 

three-phase,  ratio  of  currents 367 

voltages 363 

vector  diagram  of  circuit  of 373 

voltage  ratio 362 

impedance  defined 267 

method  of  determining  alternator  regulation 266 

mbtor,  equivalent  circuit  of  a . . 354 

excitation  for 349 

hunting  of 357 

improvement  of  lime  power  factor  by 355 

induction-motor  method  of  starting  a 347 

mechanical  analogy  of 358 

natural  period 358 

operation  of 346 

phase  characteristics 350 

shifting  with  load 356 

power  factor  of 352 
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Synchronous  motor,  tractive  current  of,  reamnf.  for .  ,  351 

•peedof 345 

Mailing  of 348 

starting  characteristics  347 

winding 348 

useol 349 

used  as  synchronous  condenser 354 

V-curves 350 

variation  of  power  factor  with  field  current 350 

speed  of  the  fieki  of  an  induction  motor 339 

^jmdiroscope 202,  278 

lamps  used  instead  of 279 

T 

Terminal  voltage  of  an  alternator .                265 

Thermionic  rectifiers 381 

Thermocouple  type  of  a.c.  meters 192 

Three-phase  alternator,  definition  of 71 

delta-connected 76,  222 

incorrect  connections  of 75 

phase  voltages  of 73 

line  voltages  of 73 

Y-connected 69,  222 

armature  reaction 257 

winding,  capacity  of 223 

power  measurement,  by  use  of  two  wattmeters 144 

effect  of  low-power  factor  on 151 

effect  of  reversed  phase  rotation  on ISO 

inequality  of  wattmeter  readings  in 148 

one  wattmeter  reading  negative  in 152 

system,  delta-connected 158 

effect  of  reversed  phase  rotaticm  in 167 

measurement  of  power  in. 162 

unbalanced 168 

inductive,  Y-connected 146 

Y-connected 138 

measurement  of  power  in 143 

unbalanced 156 

graphical  solution  for 157 

vector  diagram  for 140 

to  two-phase  transformation.  .  .  MS 

transformation 314 

transnuBsion  lines  always 396 

regulation  of 401 

vectors,  suitable  notation  for 141,  160 

winding,  action  of,  to  produce  a  rotating  field 328 

TirriU  voltage  regulator 273 

Topographic  vector  diagram,  explained .  -  60 

Torque  in  an  induction  motor .'?32,  334 

Transformation,  pol>-pha8e  power 313 

Scott 315 
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Transformer,  air-cooled 302 

auto- 317 

coils,  construction 302 

commercial  importance  of 294 

constant-current  type 318 

construction 296 

cooling,  methods  of 302 

copper  losses  in 305 

core  construction 298 

core-type 296 

current 321 

danger  of  a  broken-down 301 

determination  of  losses  of 308 

effective  resistance  of 309 

effect  of  secondary  current  on  primary  current  of 290 

efficiency  of 306 

all-day 307 

proper  design  to  get  high 308 

equations  of 290 

exciting  current  of 289 

for  two-  to  three-phase  transformation 315 

insulation  of  windings 301 

iron  losses  in 292, 305 

leakage  reactance  of 311 

location  of,  in  a  power  transmission  system 294 

losses  in  a 304 

magnetic  leakage  in  a 310 

methods  of  cooHng 302 

no-load  vector  diagram  of 292 

oil-cooled 303 

open-delta  connection  of  two  transformers 316 

polyphase 313 

potential 321 

power  factor  curve 307 

principles  involved  in 289 

ratio  of  currents  and  voltages 291 

regulation 307,  312 

resistance,  effective  of  a 309 

shell-type 296 

size  of  wire  in  coils 300 

testing 323 

V-connection  of  two  transformers 316 

vector  diagrams  of 292,  31 1 

water-cooled 304 

welding 320 

windings,  insulation  of 301 

Transformers,  instrument 193,  321 

Transmission  lines,  always  three-phase 396 

capacitance  effect  of ' 409 

conductors,  materials  for 395 

corona 407 

critical  voltage  gradient  for  air 407 
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ThimmiwHon  Uims,  frequency  of . .  413 

gruund  detectors 419 

wires 414 

inductive  reactance  of. .  405 

insulators  for 424 

lightning  arresters 415 

line  capacity,  effect  of 400 

material  for  conductors  of 906 

place  of  the  transformer  in  the  operation  of 204 

power  factor  correction  in 423 

regulation  of  single-phase 300 

three-phase .  401,  405 

graphical  determination  of . . .  405 

resonant  rise  of  voltage  in 414 

structures  for 421 

susceptance  of 410 

transposition  of  wires 422 

voltage  gradient,  critical 407 

voltages,  limitations  of 407 

used  in  practice 394 

weight  of  copper  required  in 397 

Transmission  of  power 394 

Tub  transformer 318 

Turbo-alternators 212 

ventilation  of 215 

Two-phase  alternator 68,  222 

connections  oi  coils  of 64 

armature  reaction 257 

four-wire  system 131 

to  three-phase  transformation 315 

system,  measurements  of  power  in 135 

power  uniform  in  a 136 

three-wire  sj-stem 133 

winding 64 

U 

Unbalanced  delta-connected  8>'8tem 168 

polyphase  system,  definition  of 134 

Y-connected  system 156 

Unit  of  admittance,  conductance  and  susceptance,  the  mho ^ 124 

capacitance,  the  farad 37 

resistance,  inductance  and  impedance,  the  ohm .  .  34 

self-induction,  the  henry 81 

Un8>'mmetrical  Y-connection 75 

Upper  harmonics,  affect  wave  shape 7 

definition  of 8 

V 

V-connected  alternator 78 

transformers 316 

V-curve«  of  a  synchronous  motor 350 

Variometer 83 
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Vector  addition 48 

diagrams  explained 48 

using  effective  values 88 

of  transformers 292,  31 1 

representation  of  sine  wave  of  current 11 

voltage 6 

rotation  always  clockwise 69 

subtraction 50 

Vectors,  defined 48 

notation  of 53 

in  three-phase  systems 141,  160 

Ventilation  of  alternators 214 

Vibrating  rectifiers 376 

Voltage  of  a  group  of  coils  on  an  alternator 55, 227 

phases,  relative,  fixed  by  coil  positions 62 

regulator 273 

terminal,  of  an  alternator 265 

Voltages  of  a  three-phase  alternator,  line  and  phase 73 

Volt-amperes 36 

W 

Water-cooled  transformers 304 

Watt-hour  meter 206 

Wattmeter,  construction  of 182 

reading  positive  or  negative 146 

readings,  effect  of  power  factor  upon,  in  three-phase  systems 151 

inequality  of,  in  three-phase  sj^stems 148 

method  to  determine  whether  positive  or  negative 152 

used  to  measure  power 134 

Wave,  flat-topped 8 

peaked 8 

Wave-shape,  a.c,  possesses  mirror  symmetry 9 

upper  harmonics  affect 7 

Weight  of  copper  required  for  transmission  lines 397 

Welding  transformer 320 

Windings  for  alternators 220.  241 

basket 238 

chain 238 

lap 232 

open  and  closed 226 

transformers,  insulation  of 301 

Wound  rotor  for  induction  motors 330 

starting  characteristics 339 

Y 

Y-connected  alternator 69 

system 138 

effect  of  reversed  phase  rotation  on 142 

measurement  of  power  in 143 

notation  of  vectors . 141 

unbalanced 156 

unsymmetrical   75 

transformers 314 
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